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Abstract
In the Standard Model the total lepton number is conserved. Thus, neutrinoless
double-β decay, in which the total lepton number is violated by two units, is a probe of
physics beyond the Standard Model. In this review we consider the basic mechanism of
neutrinoless double-β decay induced by light Majorana neutrino masses. After a brief
summary of the present status of our knowledge of neutrino masses and mixing and an
introduction to the seesaw mechanism for the generation of light Majorana neutrino
masses, in this review we discuss the theory and phenomenology of neutrinoless double-
β decay. We present the basic elements of the theory of neutrinoless double-β decay,
our view of the present status of the challenging problem of the calculation of the
nuclear matrix element of the process and a summary of the experimental results.
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1 Introduction
The experimental evidence of neutrino oscillations is one of the most important recent dis-
coveries in particle physics. Model-independent evidences of neutrino oscillations have been
obtained in 1998 by the atmospheric neutrino experiment Super-Kamiokande [1], in 2002
by the solar neutrino experiment SNO [2], and in 2004 by the reactor neutrino experiment
KamLAND [3].
The existence of neutrino oscillations implies that neutrinos are massive particles and that
the three flavor neutrinos νe, νµ, ντ are mixtures of neutrinos with definite masses νi (with
i = 1, 2, . . .). The phenomenon of neutrino oscillations was studied in several atmospheric
(Kamiokande [4], IMB [5], Super-Kamiokande [1], Soudan-2 [6], MACRO [7], MINOS [8],
ANTARES [9], IceCube [10]), solar (Homestake [11], GALLEX/GNO [12], SAGE [13], Super-
Kamiokande [14], SNO [15], Borexino [16], KamLAND [17]), reactor (KamLAND [18], Daya
Bay [19], Double Chooz [20], RENO [21]) and accelerator (K2K [22], MINOS [23, 24], T2K
[25,26]) experiments. These experiments fully confirmed the existence of neutrino oscillations
in different channels (
(−)
νe → (−)νe, νe → νµ,τ , (−)νµ → (−)νµ, νµ → νe, νµ → ντ ).
Now that we know that neutrinos are massive, one of the most fundamental open prob-
lems which must be investigated by experiments is the determination of the nature of neu-
trinos with definite mass: are they four-component Dirac particles possessing a conserved
lepton number L or two-component truly neutral (no electric charge and no lepton number)
Majorana particles?
Neutrino oscillation experiments do not allow to answer this fundamental question, be-
cause in the neutrino oscillation transitions
(−)
νl → (−)νl′ the total lepton number L is conserved.
Therefore, neutrino oscillations do not depend on the Majorana phases which enter in the
neutrino mixing matrix if massive neutrinos are Majorana particles [27–30].
In order to probe the nature of massive neutrinos we need to study processes in which the
total lepton number L is not conserved. The highest sensitivity to small Majorana neutrino
masses can be reached in experiments on the search of the L-violating neutrinoless double-β
decay process
ββ0ν :
A
ZX→ AZ+2X+ 2e−, (1.1)
where AZX is a nucleus with atomic number Z and atomic mass A.
The two-neutrino double-β decay process
ββ2ν :
A
ZX→ AZ+2X+ 2e− + 2ν¯e (1.2)
is allowed by the Standard Model for some even-even nuclei for which the single β decay
or electron capture is forbidden (see the illustrations in Fig. 1). They are extremely rare
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Figure 1: Schematic illustration of the ground-state energy level structure and decays of
the 7632Ge,
76
33As,
76
34Se (a) and
116
48Cd,
116
49In,
116
50Sn (b) isobar nuclei.
processes of the second order of perturbation theory in the Fermi constant GF . As will be
explained in Section 4, the neutrinoless double-β decay process (1.1) is further suppressed
by the proportionality of the transition amplitude to the effective Majorana mass
mββ =
∑
i
U2eimi, (1.3)
where mi are the small masses of the Majorana neutrinos νi and Uei are the elements of the
neutrino mixing matrix (see Eq. (2.1)).
Up to now, ββ0ν decay has not been observed
1. The most sensitive experiments obtained
for |mββ| upper limits in the range 0.2 − 0.6 eV (depending on the theoretical calculation
of the nuclear matrix elements discussed in Section 5), which correspond to ββ0ν decay
half-lives of the order of 1025 y. These impressive results have been reached using detectors
with large masses located underground, constructed with radiopure materials and with high
energy resolution in order to reach very low background levels in the energy region of the
ββ0ν decay signal.
The possible value of the effective Majorana mass in Eq. (1.3) depends on the normal
or inverted character of the neutrino mass spectrum (see Fig. 2). The next generation of
ββ0ν decay experiments will probe the inverted mass hierarchy region, in which |mββ| ∼
(2− 5)× 10−2 eV (see Fig. 7).
In the Standard Model the total lepton number L is conserved because it is not possible to
construct L-violating Lagrangian terms with products of fields with total energy dimension
smaller or equal to four. This constraint is required by renormalizability. However, if the
Standard Model is a low-energy effective theory, the high-energy physics beyond the Standard
Model can generate effective low-energy non-renormalizable Lagrangian terms with products
1 The claim of observation of ββ0ν decay of
76
32Ge presented in Ref. 31 is strongly disfavored by the recent
results of the GERDA experiment [32]. The more elaborated analysis of the same data of Ref. 31 presented
in Ref. 33 has been severely criticized in Ref. 34.
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of fields with total energy dimension larger than four [35]. Since the effective Lagrangian
term of a dimension-N field product with N > 4 is suppressed by a coefficient Λ4−N , where Λ
is the scale of new physics beyond the Standard Model, in practice only the terms with field
products with small dimensionalities can be observable. It is remarkable that there is only
one dimension-5 field product that can be constructed with Standard Model fields and this
term violates the total lepton number L. After spontaneous electroweak symmetry breaking,
this term generates small Majorana neutrino masses and neutrino mixing. If this mechanism
is realized in nature, the small Majorana neutrino masses and neutrino mixing are the most
accessible low-energy phenomena generated by the physics beyond the Standard Model.
However, the small neutrino masses discovered in neutrino oscillation experiments can
have a Standard Model origin if L is conserved and neutrinos are Dirac particles with masses
generated by the Standard Model Higgs mechanism with extremely small Yukawa couplings
(smaller than about 10−11). In this case there is no ββ0ν decay.
Therefore, it is very important to search for L-violating processes as ββ0ν decay, which
can reveal the Majorana nature of massive neutrinos and open a window on the physics
beyond the Standard Model.
The L-violating five-dimensional field product which generates small Majorana neutrino
masses can be induced by the exchange of heavy virtual Majorana leptons between two
lepton-Higgs vertices. Thus, the observation of ββ0ν decay would be an indication in favor
of the existence of heavy Majorana leptons. The CP-violating decays of these particles in
the early Universe could be the origin of the baryon asymmetry of the Universe through the
leptogenesis mechanism (see Refs. 36, 37).
In this review we discuss the theory and phenomenology of neutrinoless double-β decay
induced by light Majorana neutrino masses (see also the old but very instructive reviews in
Refs. 38, 39 and the recent reviews in Refs. 34, 40–45). In Section 2 we briefly summarize
the present status of neutrino masses and mixing. In Section 3 we discuss the effective
Lagrangian approach and the seesaw mechanism of generation of small Majorana neutrino
masses and neutrino mixing. In Section 4 we derive the rate of ββ0ν decay and in Section 5 we
discuss the problem of the calculation of the nuclear matrix elements of different ββ0ν decays.
In Section 6 we discuss the phenomenological implications of our knowledge of the neutrino
oscillation parameters for the effective Majorana mass mββ in ββ0ν decay, with emphasis
on the differences between the normal and inverted hierarchies. In Section 7 we present
the results of recent ββ0ν decay experiments and we briefly discuss the general strategies of
future projects. Finally, we draw our conclusions in Section 8.
2 Experimental status of neutrino masses and mixing
Atmospheric, solar, reactor and accelerator neutrino oscillation experiments proved that
neutrinos are massive and mixed particles (see Refs. 46–48). Neutrino oscillations [49–53]
is a quantum-mechanical phenomenon due to the fact the left-handed neutrino flavor fields
νlL(x) (l = e, µ, τ) are superpositions of left-handed neutrino fields νiL(x) with masses mi
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according to the mixing relation
νlL(x) =
∑
i
Uli νiL(x) (l = e, µ, τ). (2.1)
In the standard framework of three-neutrino mixing, i = 1, 2, 3 and U is the 3×3 unitary
PMNS (Pontecorvo, Maki, Nakagawa, Sakata) mixing matrix which has the standard pa-
rameterization
U =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 diag(eiλ1 , eiλ2 , 1) , (2.2)
where cab ≡ cosϑab and sab ≡ sinϑab, with the three mixing angles ϑ12, ϑ23, ϑ13. The
Dirac CP-violating phase δ can generate CP violation in neutrino oscillations, whereas the
Majorana CP-violating phases λ1 and λ2 contribute to processes like neutrinoless double-β
decay in which the total lepton number is violated (see Section 6).
A flavor neutrino νl, which is produced in CC weak processes together with a charged
lepton l+ is described by the mixed state
|νl〉 =
∑
i
U∗li |νi〉, (2.3)
where |νi〉 is the state of a Majorana or Dirac neutrino with mass mi.
The probability of the transition νl → νl′ in vacuum is given by the standard expression
(see Refs. 46–48)
Pνl→νl′ = δll′ − 4
∑
i>k
ℜe[U∗li Ul′i Ulk U∗l′k] sin2
(
∆m2kiL
4E
)
+ 2
∑
i>k
ℑm[U∗li Ul′i Ulk U∗l′k] sin
(
∆m2kiL
2E
)
. (2.4)
Here ∆m2ki = m
2
i − m2k, L is the distance between the neutrino detector and the neutrino
source, and E is the neutrino energy. Since the oscillation probabilities of antineutrinos
are given by the exchange U ⇆ U∗, if the mixing matrix is complex (U 6= U∗) the last
term in Eq. (2.4) describes CP violation (Pνl→νl′ 6= Pν¯l→ν¯l′ ) in appearance experiments (l 6=
l′). In the standard parameterization (2.2) of three-neutrino mixing, ℑm[U∗li Ul′i Ulk U∗l′k] =
±c12s12c23s23c213s13 sin δ, where the sign depends on the values of the flavor and mass indices.
It is also useful to express the transition probability as [54]
P(−)
νl→
(−)
νl′
= δll′ − 4
∑
i 6=p
|Uli|2
(
δll′ − |Ul′i|2
)
sin2∆pi
+ 8
∑
i>k
i,k 6=p
{
ℜe[U∗li Ul′i Ulk U∗l′k] cos(∆pi −∆pk) sin∆pi sin∆pk
±ℑm[U∗li Ul′i Ulk U∗l′k] sin(∆pi −∆pk) sin∆pi sin∆pk
}
, (2.5)
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where ∆pi ≡ ∆m2piL/4E and p is an arbitrary fixed index, which can be chosen in the most
convenient way depending on the case under consideration. In the case of three-neutrino
mixing, there is only one interference term in Eq. (2.5), because for any choice of p there is
only one possibility for i and k such that i > k.
Neutrino oscillations have been measured in different channels and the oscillations in
each channel are mainly due to one squared-mass difference and one of the three mixing
angles in the standard parameterization (2.2) of three-neutrino mixing. These measurements
are described2 in Subsections 2.1–2.4. In Subsection 2.5 we review the results of a recent
global analysis of neutrino oscillation data in the framework of three-neutrino mixing. In
Subsection 2.6 we discuss briefly the problem of the determination of the absolute scale of
neutrino masses.
2.1 Very-long-baseline
(−)
νe experiments
Solar neutrino experiments (Homestake [11], GALLEX/GNO [12], SAGE [13], Super-Kamiokande
[14], SNO [15], Borexino [16], KamLAND [17]; see the recent reviews in Refs. 55–58) mea-
sured νe disappearance due to νe → νµ, ντ transitions generated by the solar squared-mass
difference ∆m2S ≃ 7 × 10−5 eV2 and a mixing angle sin2 ϑS ≃ 0.3. The measured solar neu-
trino energy spectrum ranges from about 0.2 MeV to about 15 MeV and the νe → νµ, ντ
transitions are mainly due to averaged oscillations in vacuum for E . 1.2MeV and to matter
effects [59, 60] for larger energies.
The very-long-baseline KamLAND experiment [18] confirmed these oscillations by ob-
serving the disappearance of reactor ν¯e with 〈E〉 ≃ 3.6MeV and 〈L〉 ≃ 180 km.
In the framework of three-neutrino mixing, it is convenient to choose the numbering of
the massive neutrinos in order to have
∆m2S = ∆m
2
12, ϑS = ϑ12. (2.6)
2.2 Long-baseline
(−)
νµ disappearance experiments
Atmospheric neutrino experiments (Kamiokande [4], IMB [5], Super-Kamiokande [1], Soudan-
2 [6], MACRO [7], MINOS [8], ANTARES [9], IceCube [10]) measured νµ and ν¯µ disap-
pearance due to oscillations generated by the atmospheric squared-mass difference ∆m2A ≃
2.3 × 10−3 eV2 and a mixing angle sin2 ϑA ≃ 0.5. The detectable energy spectrum of at-
mospheric neutrinos is very wide, ranging from about 100 MeV to about 100 TeV, and the
source-detector distance varies from about 20 km for downward-going neutrinos to about
2 In the following we adopt the traditional classification of terrestrial neutrino oscillation experiments
according to their baseline L relative to the average energy E, which determines the maximal sensitivity to
the squared-mass difference ∆m2 for which ∆m2L/E ∼ 1. Historically the first terrestrial neutrino oscillation
experiments have been short-baseline experiments, which are sensitive to ∆m2 & 3× 10−2 eV2, which imply
L . 100m for reactor experiments with E ∼ 3MeV and L . 30 km for accelerator experiments with
E ∼ 1GeV. We call long-baseline experiments those which have maximal sensitivity to 3× 10−4 . ∆m2 .
3×10−2 eV2 and very-long-baseline experiments those which have maximal sensitivity to ∆m2 . 3×10−4 eV2.
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1.3 × 104 km for upward-going neutrinos. The most precise determination of ∆m2A and
sin2 ϑA has been obtained in the high-statistics Super-Kamiokande atmospheric neutrino ex-
periment [61] through the measurement of events contained in the detector volume, which
correspond to neutrino energies between about 100 MeV and 10 GeV.
The disappearance of νµ and ν¯µ due to oscillations generated by ∆m
2
A have been confirmed
by the following accelerator long-baseline experiment: the K2K experiment [22] measured
the disappearance of νµ with 〈E〉 ≃ 1.3GeV at L ≃ 250 km (KEK–Kamioka); the MINOS
experiment [23] observed the disappearance of νµ and ν¯µ with 〈E〉 ≃ 3GeV at L ≃ 735 km
(Fermilab–Soudan); the T2K experiment [26] measurement the disappearance of νµ at L ≃
295 km (Tokai–Kamioka) with a narrow-band off-axis beam peaked at 〈E〉 ≃ 0.6GeV.
The Super-Kamiokande atmospheric neutrino data indicate that the disappearance of
νµ and ν¯µ is predominantly due to νµ → ντ and ν¯µ → ν¯τ transitions, respectively, with
a statistical significance of 3.8σ [62]. This oscillation channel is confirmed at 4.2σ by the
observation of four νµ → ντ candidate events in the OPERA long-baseline accelerator exper-
iment [63] which was exposed to the CNGS (CERN–Gran Sasso) beam with 〈E〉 ≃ 13GeV
and L ≃ 730 km.
In the framework of three-neutrino mixing, with the convention (2.6) and taking into
account that ∆m2S ≪ ∆m2A, we have
∆m2A =
1
2
∣∣∆m213 +∆m223∣∣ , ϑA = ϑ23. (2.7)
The absolute value in the definition of ∆m2A is necessary, because there are the two possible
spectra for the neutrino masses illustrated schematically in the insets of the two correspond-
ing panels in Fig. 2:
The normal mass spectrum (NS):
m1 < m2 < m3, with ∆m
2
12 ≪ ∆m223. (2.8)
The inverted mass spectrum (IS):
m3 < m1 < m2, with ∆m
2
12 ≪ |∆m213|. (2.9)
The two spectra differ by the sign of ∆m213 and ∆m
2
23, which is positive in the normal
spectrum and negative in the inverted spectrum.
2.3 Long-baseline ν¯e disappearance
In the beginning of 2012 the Daya Bay experiment [64] measured the disappearance of reactor
ν¯e with 〈E〉 ≃ 3.6MeV by comparing the event rate measured at near detectors located at
512 m and 561 m from the reactors and that measured at far detectors at a distance of
1579 m from the reactors. This disappearance is due to neutrino oscillations generated by
7
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Figure 2: (a) Values of the neutrino masses as functions of the lightest massm1 in the normal
mass spectrum obtained with the squared-mass differences in Tab. 1. (b) Corresponding
values of the neutrino masses as functions of the lightest mass m3 in the inverted mass
spectrum.
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∆m2A and the mixing angle ϑ13
3. The current Daya Bay determination of the value of ϑ13
is [19]
sin2 2ϑ13 = 0.090
+0.008
−0.009. (2.10)
This result has been confirmed, with less precision, by the Double Chooz [20] (L ≃ 1050m)
and RENO [21] (Lnear ≃ 294m and Lfar ≃ 1383m) reactor experiments.
2.4 Long-baseline νµ → νe transitions
In 2011 the T2K experiment [67] reported a first 2.5σ indication of long-baseline νµ → νe
transitions generated by ∆m2A and the mixing angle ϑ13. Recently, the T2K collaboration
reported a convincing 7.3σ observation of νµ → νe transitions through the measurement of
28 νe events with an expected background of 4.92± 0.55 events [25]. Assuming a negligible
CP-violating phase δ, they obtained sin2 2ϑ13 = 0.140
+0.038
−0.032 for the normal spectrum and
sin2 2ϑ13 = 0.170
+0.045
−0.037 for the inverted spectrum, which are in reasonable agreement with
the more precise Daya Bay value in Eq. (2.10). The T2K observation of long-baseline νµ → νe
transitions is supported by a less precise measurement of the MINOS experiment [24].
2.5 Global analysis
The three-neutrino mixing parameters can be determined with good precision with a global
fit of neutrino oscillation data. In Tab. 1 we report the results of the latest global fit presented
in Ref. 68, which agree, within the uncertainties, with the NuFIT-v2.0 [69] update of the
global analysis presented in Ref. 70. One can see that all the oscillation parameters are
determined with precisions between about 3% and 11%. The largest uncertainty is that of
ϑ23, which is known to be close to maximal (π/4), but it is not known if it is smaller or larger
than π/4. For the Dirac CP-violating phase δ, there is an indication in favor of δ ≈ 3π/2,
which would give maximal CP violation, but at 3σ all the values of δ are allowed, including
the CP-conserving values δ = 0, π.
2.6 Absolute scale of neutrino masses
The determination of the absolute value of neutrino masses is an open problem which cannot
be resolved by neutrino oscillations, that depend only on the differences of the squares of
the neutrino masses. However, the measurement in neutrino oscillation experiments of the
neutrino squared-mass differences allows us to constraint the allowed patterns of neutrino
masses. A convenient way to see the allowed patterns of neutrino masses is to plot the values
of the masses as functions of the unknown lightest mass mmin, as shown in Fig. 2, where we
used the squared-mass differences in Tab. 1 with:
3 The value of ϑ13 was previously constrained by the negative results of the Chooz [65] and Palo-Verde [66]
long-baseline reactor antineutrino experiments.
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Normal mass spectrum (NS): mmin = m1,
m2 =
√
m2min +∆m
2
S, m3 =
√
m2min +∆m
2
A +∆m
2
S/2. (2.11)
Inverted mass spectrum (IS): mmin = m3,
m1 =
√
m2min +∆m
2
A −∆m2S/2, m2 =
√
m2min +∆m
2
A +∆m
2
S/2. (2.12)
Figure 2 shows that there are three extreme possibilities:
A normal hierarchy: m1 ≪ m2 ≪ m3. In this case
m1 ≪ m2 ≃
√
∆m2S ≈ 9× 10−3 eV, m3 ≃
√
∆m2A ≈ 5× 10−2 eV. (2.13)
An inverted hierarchy: m3 ≪ m1 . m2. In this case
m3 ≪ m1 . m2 ≃
√
∆m2A ≈ 5× 10−2 eV. (2.14)
Quasi-degenerate spectra: m1 . m2 . m3 ≃ mQDν in the normal scheme andm3 . m1 .
m2 ≃ mQDν in the inverted scheme, with
mQDν ≫
√
∆m2A ≈ 5× 10−2 eV. (2.15)
Besides neutrinoless double-β decay, which is the topic of this review and will be discussed
in depth in the following Sections, there are two main sources of information on the absolute
scale of neutrino masses:
Table 1: Values of the neutrino mixing parameters obtained with global analysis of neutrino
oscillation data presented in Ref. 68 in the framework of three-neutrino mixing with a normal
spectrum (NS) or an inverted spectrum (IS). The relative uncertainty (rel. unc.) has been
obtained from the 3σ range divided by 6.
Parameter Spectrum Best fit 1σ range 2σ range 3σ range rel. unc.
∆m2S/10
−5 eV2 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18 3%
sin2 θ12/10
−1 3.08 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59 5%
∆m2A/10
−3 eV2
NS 2.44 2.38 – 2.52 2.30 – 2.59 2.22 – 2.66 3%
IS 2.40 2.33 – 2.47 2.25 – 2.54 2.17 – 2.61 3%
sin2 θ23/10
−1 NS 4.25 3.98 – 4.54 3.76 – 5.06 3.57 – 6.41 11%
IS 4.37 4.08 – 6.10 3.84 – 6.37 3.63 – 6.59 11%
sin2 θ13/10
−2 NS 2.34 2.16 – 2.56 1.97 – 2.76 1.77 – 2.97 9%
IS 2.39 2.18 – 2.60 1.98 – 2.80 1.78 – 3.00 9%
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Beta decay. The end-point part of the spectrum of electrons emitted in β decay is affected
by neutrino masses through the phase-space factor. Hence, the β decay information on
neutrino masses is very robust. Tritium β-decay experiments obtained the most stringent
model-independent bounds on the neutrino masses by limiting the effective electron neutrino
mass (see the recent reviews in Refs. 71, 72)
m2β =
3∑
k=1
|Uek|2m2k. (2.16)
The most stringent limits have been obtained in the Mainz [73] and Troitsk [74] experiments:
mβ ≤
{
2.3 eV (Mainz),
2.05 eV (Troitsk),
(2.17)
at 95% CL. The KATRIN experiment [75], which is scheduled to start data taking in 2016,
is expected to have a sensitivity to mβ of about 0.2 eV. An approximate Mainz and Troitsk
upper bound of 2 eV for the lightest mass and the sensitivity of KATRIN are depicted in
Fig. 2.
Cosmology. Since light massive neutrinos constitute hot dark matter, cosmological data
give information on the sum of neutrino masses (see Refs. 76–78). The analysis of cosmo-
logical data in the framework of the standard Cold Dark Matter model with a cosmological
constant (ΛCDM) disfavors neutrino masses larger than some fraction of eV, because free-
streaming neutrinos suppress small-scale clustering. The value of the upper bound on the
sum of neutrino masses depends on model assumptions and on the considered data set. As-
suming a spatially flat Universe, the recent results of the Planck experiment [79] combined
with other cosmological data gave, with 95% Bayesian probability, the upper bound
3∑
k=1
mk < 0.23 eV. (2.18)
The corresponding upper bound for the lightest mass is depicted in Fig. 2.
3 Theory of neutrino masses and mixing
Several mechanisms of neutrino mass generation have been proposed in the literature. In the
prevailing opinion, the most plausible and the most viable is the seesaw mechanism [80–84].
The most general approach to the seesaw mechanism is based on the effective Lagrangian
formalism [35] discussed in Subsection 3.1. In Subsection 3.2 we discuss in details the simplest
“type I” implementation of the seesaw mechanism based on the existence of Majorana and
Dirac mass terms which can be generated in the framework of GUT models.
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3.1 Effective Lagrangian approach
Let us start by remarking that the left-handed and right-handed quark and charged lepton
fields and the left-handed neutrino fields νlL (l = e, µ, τ) are Standard Model (SM) fields.
What about right-handed neutrino fields? If νlR are also considered to be SM fields, the
neutrino masses (as the quark and charged lepton masses) can be generated by the standard
Higgs mechanism via the Yukawa interaction
LYI = −
√
2
∑
l′l
Ll′L Yl′l νlR Φ˜ + h.c.. (3.1)
Here
LlL =
(
νlL
lL
)
, Φ =
(
Φ(+)
Φ(0)
)
(3.2)
are the lepton and Higgs doublets, Φ˜ = iτ2Φ
∗ (here τ2 is the second Pauli matrix), and Yl′l
are dimensionless Yukawa coupling constants.
After spontaneous breaking of the electroweak symmetry, we have
Φ˜ =
1√
2
(
v +H
0
)
, (3.3)
where H is the field of the physical Higgs boson. From Eqs. (3.1) and (3.3), we obtain the
Dirac mass term
LD = −
∑
l′,l
νl′LM
D
l′l νlR + h.c.. (3.4)
Here
MDl′l = v Yl′l, (3.5)
where v = (
√
2GF )
−1/2 ≃ 246 GeV is the vacuum expectation value of the Higgs field.
After the diagonalization of the matrix Y (Y = UyV †, where U and V are unitary
matrices and y is a diagonal matrix), we obtain the Dirac neutrino masses
mi = v yi. (3.6)
If we assume a normal hierarchy of neutrino masses, the value of the largest neutrino mass is
m3 ≃
√
∆m2A ≃ 5×10−2 eV (∆m2A is the atmospheric squared-mass difference in Eq. (2.7)).
Then, for the corresponding Yukawa coupling we find
y3 ≃ 2× 10−13. (3.7)
The constants y1,2 are much smaller.
Comparing the value of y3 with the values of the Yukawa couplings of the quarks and
the charged lepton of the third generation, yt ≃ 0.7, yb ≃ 2× 10−2, yτ ≃ 7× 10−3, it is clear
that the neutrino Yukawa couplings are unnaturally small.
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The necessity of extremely small values of the neutrino Yukawa coupling constants is
commonly considered as a strong argument against a SM origin of the neutrino masses.
Thus, we are naturally led to consider4 the Majorana mass term
LML = −
1
2
∑
l′,l
νl′LM
L
l′l ν
c
lL + h.c., (3.8)
which is the only possible mass term which can be build from the SM neutrino fields νlL,
but is forbidden by the symmetries of the SM. Here νclL = (νlL)
c = C νlL
T , where C is the
matrix of charge conjugation, which satisfies the conditions
C γTα C
−1 = −γα, CT = −C, (3.9)
where γα, with α = 0, 1, 2, 3, are the Dirac matrices. It follows from the Fermi-Dirac statistics
that ML is a symmetric matrix.
After the diagonalization of the matrixML (ML = UmUT , where U †U = 1, mik = miδik,
mi > 0), we have
LML = −
1
2
3∑
i=1
miνi νi. (3.10)
Here νi = ν
c
i is the field of the Majorana neutrino with mass mi.
The Majorana mass term in Eq. (3.8) violates the total lepton number L and can be
generated only in the framework of a theory beyond the SM. In general, the effects of
high-energy physics beyond the SM can be described by adding to the SM Lagrangian
effective nonrenormalizable Lagrangian terms which are invariant under the electroweak
SU(2)L × U(1)Y transformations [35, 85].
In order to generate the neutrino masses, we need to build an effective Lagrangian term
which is quadratic in the lepton fields. The product LlLΦ˜ is SU(2)L × U(1)Y invariant and
has dimension M5/2. Taking into account that the Lagrangian must have dimension M4, we
have5
LeffI = −
1
Λ
∑
l′l
Ll′L Φ˜Y l′l Φ˜
T LclL + h.c., (3.11)
where the parameter Λ ≫ v has the dimension of mass. It characterizes the high-energy
scale at which the total lepton number L is violated.
After spontaneous breaking of the electroweak symmetry, from Eqs. (3.3) and (3.11) we
obtain the Majorana mass term in Eq. (3.8), with the mass matrix ML given by
ML =
v2
Λ
Y . (3.12)
4 In the simplest case of two neutrinos, the Majorana mass term was considered for the first time in
Ref. 53.
5 Let us notice that for the dimensional arguments used here it is important that the Higgs boson is not
a composite particle and that there is a Higgs field having dimension M . The recent discovery of the Higgs
boson at CERN [86,87] confirms this assumption.
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The neutrino masses are obtained from the diagonalization of Y (Y
L
= UyUT , where U †U =
1, yik = yiδik, yi > 0):
mi =
v2
Λ
yi. (3.13)
Thus, if the Majorana neutrino masses are generated by a high-energy mechanism beyond
the SM, the value of the neutrino mass mi is a product of a “standard fermion mass” v yi and
a suppression factor which is given by the ratio of the electroweak scale v and a high-energy
scale Λ of new total lepton number violating physics. This suppression is called “seesaw
mechanism”.
In order to estimate Λ, we consider the case of a normal hierarchy of neutrino masses.
In this case, m3 ≃
√
∆m2A ≃ 5 × 10−2 eV. Assuming that the parameter y3 is of the order
of one, we find Λ ∼ 1015 GeV. Hence, the smallness of the Majorana neutrino masses could
mean that L is violated at a very large scale.
The violation of the total lepton number can be connected with the existence of heavy
Majorana leptons which interact with the SM particles [88]. Let us assume that heavy
Majorana leptons Ni (i = 1, . . . , n), which are singlets of the SM SU(2)L×U(1)Y symmetry
group, have the Yukawa lepton number violating interaction
LYI = −
√
2
∑
l,i
yliLlL Φ˜NiR + h.c.. (3.14)
Here Ni = N
c
i is the field of a Majorana lepton with mass Mi ≫ v and yli are dimensionless
Yukawa coupling constants.
In the second order of perturbation theory, at electroweak energies the interaction in
Eq. (3.14) generates the effective Lagrangian in Eq. (3.11), with the constant Y l′l/Λ given
by
Y l′l
Λ
=
∑
i
yl′i
1
Mi
yli. (3.15)
From this relation it is clear that the scale of the new lepton number violating physics is
determined by the masses of the heavy Majorana leptons.
Summarizing, if the neutrino masses are generated by the interaction of the lepton and
Higgs doublets with heavy Majorana leptons:
1. Neutrinos with definite masses are Majorana particles.
2. Neutrino masses are much smaller than the masses of charged leptons and quarks.
They are of the order of a “standard fermion mass” multiplied by a suppression factor
which is given by the ratio of the Higgs vacuum expectation value v and the high-energy
scale of total lepton number violation (seesaw mechanism).
3. The number of light massive neutrinos is equal to the number of lepton generations
(three)6.
6In the scheme of neutrino masses and mixing based on the effective Lagrangian approach there are no
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In the approach considered here, the observation of neutrinoless double-β decay would
imply the existence of heavy Majorana leptons which induce Majorana neutrino masses.
The scale of the masses of the heavy leptons is determined by the parameter Λ ∼ 1015 GeV.
Such heavy particles cannot be produced in laboratory. It is however very interesting that
the CP-violating decays of such particles in the early Universe could be the origin of the
baryon asymmetry of the Universe through the leptogenesis mechanism (see, for example,
Refs. 37, 90).
The seesaw mechanism based on the interaction in Eq. (3.14) is called type I seesaw. The
effective Lagrangian in Eq. (3.11) can also be generated by the Lagrangian of interaction of
the lepton and Higgs doublets with a heavy scalar boson triplet (type II seesaw) or with a
heavy lepton triplet (type III seesaw) (see, for example, Ref. 91).
3.2 Approach based on Majorana and Dirac neutrino mass term
The simplest implementation of the seesaw mechanism of neutrino mass generation is the
so-called “type I” seesaw, which is based on Majorana and Dirac mass terms that can be
generated in the framework of GUT models [80–84].
From three active flavor left-handed fields νlL (l = e, µ, τ) and Ns sterile right-handed
fields νsR (s = s1, . . . , sNs), one can build the general mass term (see, for example, Refs. 92,
93)
LM+D = −1
2
∑
l′,l
νl′LM
L
l′l ν
c
lL −
∑
l,s
νlLM
D
ls νsR −
1
2
∑
s′,s
νcs′RM
R
s′s νsR + h.c., (3.16)
where M
D
is a complex matrix and ML and M
R
are complex symmetric matrices.
The left-handed flavor fields νlL enter also in the leptonic charged current j
CC
α and in the
neutrino neutral current jNCα :
jCCα = 2
∑
l=e,µ,τ
lL γα νlL, j
NC
α =
∑
l=e,µ,τ
νlL γα νlL. (3.17)
On the other hand, the right-handed sterile fields νsR enter only in the Majorana and Dirac
mass term. Therefore, we can always choose the right-handed fields in such a way that M
R
is a diagonal matrix. In fact, we can make the unitary transformation νsR =
∑
i VsiNiR (with
V †V = 1) such that V TM
R
V = MR, with MRik = Miδik and Mi > 0. Then, the Majorana
and Dirac mass term takes the form
LM+D = −1
2
∑
l′,l
νl′LM
L
l′l ν
c
lL −
∑
li
νlLM
D
li NiR −
1
2
∑
i
MiN ciRNiR + h.c., (3.18)
light sterile neutrinos. However, there are some indications in favor of transitions of active flavor neutrinos
into sterile states (see Ref. 89). Numerous experiments, now in preparation, with the aim of checking the
existence of light sterile neutrinos will confirm or disprove in a few years the scenario that we have considered
here.
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where MD = M
D
V and NiR =
∑
s V
∗
siνsR.
Let us first consider the simplest case of one left-handed field νL and one right-handed
field νR. The Majorana and Dirac mass term has the form
LM+D = −1
2
mLνL ν
c
L −mDνL νR −
1
2
mRν
c
R νR + h.c.
= −1
2
nLM
M+D ncL + h.c.. (3.19)
Here mL, mD, mR are real parameters and
MM+D =
(
mL mD
mD mR
)
, nL =
(
νL
νcR
)
. (3.20)
The real, symmetric 2×2 mass matrix MM+D can be diagonalized with the transformation
MM+D = Om′OT . (3.21)
Here
O =
(
cos θ sin θ
− sin θ cos θ
)
, (3.22)
and m′ik = m
′
iδik, where
m′1,2 =
1
2
(mR +mL)∓ 1
2
√
(mR −mL)2 + 4m2D. (3.23)
are the eigenvalues of the matrix MM+D. From Eqs. (3.21), (3.22) and (3.23), we find
tan 2θ =
2mD
mR −mL , cos 2θ =
mR −mL√
(mR −mL)2 + 4m2D
. (3.24)
The eigenvalues m′1,2 can be positive or negative. Let us write
m′i = mi ηi, (3.25)
where mi = |m′i| and ηi = ±1. From Eqs. (3.21) and (3.25) we obtain
MM+D = U mUT , (3.26)
where
U = O
√
η (3.27)
is a unitary matrix. From Eqs. (3.26) and (3.27) it follows that
νL = cos θ
√
η1 ν1L + sin θ
√
η2 ν2L
νcR = − sin θ
√
η1 ν1L + cos θ
√
η2 ν2L (3.28)
where νi = ν
c
i is the field of the Majorana neutrino with mass mi.
The standard seesaw mechanism [80–84] is based on the following assumptions:
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1. There is no left-handed Majorana mass term in the Lagrangian (mL = 0).
2. The mass mR in the right-handed Majorana mass term, which is the source of violation
of the total lepton number L, is much larger than mD:
mR ≫ mD. (3.29)
3. The Dirac mass term is generated by the Higgs mechanism (mD is of the order of the
mass of a charged lepton or quark).
For mL = 0 we have
m1,2 =
1
2
(
mR ∓
√
m2R + 4m
2
D
)
, tan 2θ =
2mD
mR
. (3.30)
Thus, the Dirac mass mD ensures mixing (θ 6= 0) and a nonzero light neutrino mass m1.
From Eqs. (3.29) and (3.30) we find
m1 ≃ m
2
D
mR
, m2 ≃ mR, θ ≃ mD
mR
≪ 1, η1 = −1, η2 = 1. (3.31)
Thus, the seesaw mechanism implies that in the mass spectrum there is a light Majorana
neutrino with mass m1 ≃ m2D/mR ≪ mD and a heavy neutral Majorana lepton with mass
m2 ≃ mR ≫ mD. Neglecting the small mixing of light and heavy Majorana leptons we have
νL ≃ iν1L, νcR ≃ ν2L.
Let us consider now the case of three active flavor left-handed fields νlL and Ns sterile
singlet right-handed fields νsR. In this case, the seesaw mixing matrix has the form
M seesaw =
(
0 MD
(MD)T MR
)
, (3.32)
where MD is a complex 3× 3 matrix and MRik = Miδik with Mi ≫ |MDik |.
Let us introduce the matrix M˜ through the transformation
V T M seesaw V = M˜, (3.33)
where V is an unitary matrix. We will now show that it is possible to choose V in order to
obtain a matrix M˜ which has a block-diagonal form.
Notice that in the case of one generation up to terms linear in mD/mR ≪ 1 we have
U (2) ≃
(
1 mD/mR
−mD/mR 1
)
. (3.34)
Then, let us consider the matrix
V ≃
(
1 A
−A† 1
)
. (3.35)
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with A≪ 1. Up to terms linear in A the matrix V is unitary. In the same linear approxima-
tion, the non-diagonal block element of the symmetric matrix M˜ is given by (MD)T−MRA†.
Thus, if we choose
A† = (MR)−1 (MD)T , (3.36)
at the leading order in A the matrix M˜ takes the block-diagonal form
M˜ ≃
( −MD (MR)−1 (MD)T 0
0 MR
)
. (3.37)
Thus, for the left-handed Majorana neutrino mass term we obtain the expression
LM ≃ −1
2
∑
l‘l
νl′LM
L
l′l ν
c
lL + h.c., (3.38)
with the matrix ML given by the seesaw relation
ML = −MD (MR)−1 (MD)T . (3.39)
On the other hand, for the mass term of heavy Majorana leptons we find
LR ≃ −1
2
∑
i
MiNiNi, (3.40)
where Ni = NiR +N
c
iR = N
c
i is the field of a heavy Majorana lepton with mass Mi.
Equation (3.38) is the mass term of the three light Majorana neutrinos and Eq. (3.40)
is the mass term of the heavy Majorana right-handed leptons. Thus, in the case of the
Dirac and Majorana mass term with the seesaw mass matrix in Eq. (3.32) in the spectrum
of masses there are
• Three light Majorana neutrino masses.
• Ns heavy Majorana masses, which characterize the scale of violation of the total lepton
number.
The symmetric mass matrix ML of the light neutrinos can be diagonalized with the
transformation
ML = U mUT , (3.41)
with a unitary matrix U such that mik = miδik, where mi are the neutrino masses. Then,
U is the effective neutrino mixing matrix neglecting the seesaw-suppressed mixing with the
heavy Majorana leptons. From Eqs. (3.39) and (3.41), the neutrino masses are given by
mi = −
∑
k
(U †MD)2ik
Mk
. (3.42)
From this relation it follows that the neutrino masses are much smaller than the masses of
quarks and leptons which characterize the matrix MD.
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4 Theory of ββ0ν decay
In this Section we present the basic elements of the phenomenological theory of neutrinoless
double-β (ββ0ν) decay of even-even nuclei (see Refs. 39, 93).
In the following derivation we assume that
• The interaction Lagrangian is the Charged Current Lagrangian of the Standard Model
LI(x) = − g
2
√
2
jCCα (x)W
α(x) + h.c.. (4.1)
Here
jCCα (x) = 2
∑
l=e,µ,τ
νlL(x)γαlL(x) + jα(x), (4.2)
where jα(x) is the hadronic charged current.
• We have the standard three-neutrino mixing in Eq. (2.1) between the left-handed
neutrino flavor fields νlL(x) (l = e, µ, τ) and three left-handed massive neutrino fields
νiL(x) with masses mi (i = 1, 2, 3). The massive neutrino fields νi(x) = νiL(x) +
CνiL
T (x) satisfy the Majorana condition
νi(x) = ν
c
i (x) = C νi
T (x). (4.3)
From Eq. (4.1) it follows that the effective Hamiltonian of β decay is given by
HI(x) = GF cosϑC√
2
2 eL(x) γα νeL(x) j
α(x) + h.c. (4.4)
Here GF is the Fermi constant (with GF/
√
2 = g2/8M2W ), ϑC is the Cabibbo angle, and
jα(x) is the ∆S = 0 hadronic charged current.
The Feynman diagram of the neutrinoless double-β decay process is presented in Fig. 3.
One can see that it is a second order process in GF , with the propagation of virtual massive
neutrinos. The matrix element of the process is given by
〈f |S2|i〉 = 4(−i)
2
2!
(
GF cosϑC√
2
)2
Np1Np2
∫
d4x1d
4x2 uL(p1)e
ip1·x1γα
× 〈0|T (νeL(x1)νTeL(x2)|0〉γTβ uLT (p2)eip2·x2〈Nf |T (Jα(x1)Jβ(x2))|Ni〉
− (p1 ⇄ p2). (4.5)
Here p1 and p2 are the electron momenta, J
α(x) is the weak charged current in the Heisenberg
representation7, Ni and Nf are the states of the initial and final nuclei with respective
four-momenta Pi = (Ei, ~pi) and Pf = (Ef , ~pf), and Np = 1/(2π)
3/2
√
2p0 is the standard
normalization factor.
7 Thus, strong interactions are taken into account in Eq. (4.5).
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Figure 3: Feynman diagram of the transition
dd→ uue−e− which induces ββ0ν decay.
d
d u
u
e−
e−
W+
W+
ν¯e
νe
black box
ββ0ν
Figure 4: ν¯e → νe transition diagram
through a ββ0ν black box [94].
Let us consider the neutrino propagator. Taking into account the Majorana condition in
Eq. (4.3), we have
〈0|T (νeL(x1)νTeL(x2)|0〉 = −
1− γ5
2
∑
i
U2ei〈0|T (νi(x1)ν¯i(x2))|0〉
1− γ5
2
C
= − i
(2π)4
∑
i
∫
d4q e−iq·(x1−x2)
U2eimi
q2 −m2i
1− γ5
2
C. (4.6)
Thus, the neutrino propagator is proportional to mi. It is obvious from Eq. (4.6) that this is
connected with the fact that only left-handed neutrino fields enter into the Hamiltonian of
weak interactions. In the case of massless neutrinos (mi = 0, with i = 1, 2, 3), in accordance
with the theorem on the equivalence of the theories with massless Majorana and Dirac
neutrinos (see Refs. 95, 96), the matrix element of neutrinoless double-β decay is equal to
zero.
Let us consider the second term with p1 ⇄ p2 of the matrix element in Eq. (4.5). We
have
uL(p1)γα(1− γ5)γβCuLT (p2) = uL(p2)CTγTβ (1− γT5 )γTαuTL(p1)
− uL(p2)γβ(1− γ5)γαCuTL(p1). (4.7)
and
T (Jβ(x2)J
α(x1)) = T (J
α(x1)J
β(x2)). (4.8)
From Eqs. (4.7) and (4.8), it follows that the second term of the matrix element in Eq. (4.5)
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is equal to the first one. Hence, we obtain
〈f |S2|i〉 = 4
(
GF cosϑC√
2
)2
Np1Np2
∫
d4x1d
4x2 uL(p1)e
ip1·x1γα
× i
(2π)4
∑
i
U2eimi
∫
d4q
e−iq·(x1−x2)
p2 −m2i
× 1− γ5
2
γβCuL
T (p2)e
ip2·x2〈Nf |T (Jα(x1)Jβ(x2))|Ni〉. (4.9)
The most interesting nuclear transitions are listed in Tab. 2. The calculation of the nuclear
part of the matrix element of the ββ0ν decay is a complicated nuclear problem which is
reviewed in the following Section 5. In such calculation different approximations are used.
In the following part of this Section we derive the form of the matrix element of the ββ0ν
decay which is appropriate for the approximate nuclear calculations.
Let us perform in Eq. (4.9) the integration over the time variables x02 and x
0
1. We have∫ ∞
−∞
dx01
∫ ∞
−∞
. . . dx02 =
∫ ∞
−∞
dx01
[∫ x01
−∞
. . . dx02 +
∫ ∞
x01
. . . dx02
]
. (4.10)
After the integration over q0 in the neutrino propagator, we find in the region x01 > x
0
2
8
i
(2π)4
∫
e−iq·(x1−x2)
q2 −m2i
d4q =
1
(2π)3
∫
e−iq
0
i (x
0
1−x
0
2)+i~q·(~x1−~x2)
2q0i
d3q, (4.11)
where
q0i =
√
~q2 +m2i . (4.12)
In the region x01 < x
0
2 we have
i
(2π)4
∫
e−iq·(x1−x2)
q2 −m2i
d4q =
1
(2π)3
∫
e−iq
0
i (x
0
2−x
0
1)+i~q·(~x2−~x1)
2q0i
d3q. (4.13)
Furthermore, from the invariance under translations in time we have
Jα(x) = eiHx
0
Jα(~x)e−iHx
0
, (4.14)
where H is the total Hamiltonian and Jα(~x) = Jα(0, ~x). From this relation we find at
x01 > x
0
2
〈Nf |T (Jα(x1)Jβ(x2))|Ni〉 = 〈Nf |Jα(x1)Jβ(x2)|Ni〉
=
∑
n
ei(Ef−En)x
0
1ei(En−Ei)x
0
2〈Nf |Jα(~x1)|Nn〉〈Nn|Jβ(~x2))|Ni〉, (4.15)
8 It is assumed that in the propagator m2i → m2i − iǫ.
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where |Nn〉 is the vector of the state of the intermediate nucleus with four-momentum Pn =
(En, ~pn) and the sum is over the total system of states |Nn〉.
In the region x01 < x
0
2 we obtain
〈Nf |T (Jα(x1)Jβ(x2))|Ni〉 = 〈Nf |Jα(x2)Jβ(x1)|Ni〉
=
∑
n
ei(Ef−En)x
0
2ei(En−Ei)x
0
1〈Nf |Jα(~x2)|Nn〉〈Nn|Jβ(~x1))|Ni〉. (4.16)
From Eqs. (4.11) and (4.15) we find∫ ∞
−∞
dx01
∫ x01
−∞
dx02〈Nf |Jα(~x1)Jβ(~x2)|Ni〉ei(p
0
1x
0
1+p
0
2x
0
2)eiq
0
i (x
0
2−x
0
1)
= −i
∑
n
〈Nf |Jα(~x1)|Nn〉〈Nn|Jβ(~x2))|Ni
En + p02 + q
0
i − Ei − iǫ
2πδ(Ef + p
0
1 + p
0
2 −Ei). (4.17)
Analogously, from (4.13) and (4.16) we obtain the following relation∫ ∞
−∞
dx01
∫ ∞
x01
dx02〈Nf |Jα(~x2)Jβ(~x1)|Ni〉ei(p
0
1x
0
1+p
0
2x
0
2)eiq
0
i (x
0
2−x
0
1)
= −i
∑
n
〈Nf |Jβ(~x2)|Nn〉〈Nn|Jα(~x1))|Ni
En + p01 + q
0
i − Ei − iǫ
2πδ(Ef + p
0
1 + p
0
2 −Ei). (4.18)
In Eqs. (4.17) and (4.18) we used the relations∫ 0
−∞
eiax
0
2 dx02 →
∫ 0
−∞
ei(a−iǫ)x
0
2 dx02 = lim
ǫ→0
−i
a− iǫ , (4.19)∫ −∞
0
eiax
0
2 dx02 →
∫ ∞
0
ei(a+iǫ)x
0
2 dx02 = lim
ǫ→0
i
a+ iǫ
, (4.20)
which are based on the assumption that at t→ ±∞ the interaction is turned off.
Taking into account all these relations, we obtain
〈f |S2|i〉 = −2i
(
GF cosϑC√
2
)2
Np1Np2u(p1)γαγβ(1 + γ5)Cu
T (p2)
∫
d3x1d
3x1
×e−i ~p1·~x1−i ~p2·~x2
∑
i
U2eimi
1
(2π)3
∫
d3q
ei~q·( ~x1− ~x2)
q0i
2πδ(Ef + p
0
1 + p
0
2 −Ei)
×
[∑
n
〈Nf |Jα(~x1)|Nn〉〈Nn|Jβ(~x2)|Ni〉
En + p02 + q
0
i − Ei − iǫ
+
∑
n
〈Nf |Jβ( ~x2)|Nn〉〈Nn|Jα( ~x1)|Ni〉
En + p01 + q
0
i − Ei − iǫ
]
. (4.21)
This equation gives the exact expression for the matrix element of ββ0ν decay in the second
order of perturbation theory. In the following we consider the 0+ → 0+ ground state to
ground state transitions of even-even nuclei as those in Tab. 2. For these transitions the
following approximations are standard [39, 93]:
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1. Small neutrino masses can be safely neglected in the expression for the neutrino energy
q0i .
In fact, from the uncertainty relation for the average neutrino momentum we have
|~q| ≃ 1/r, where r is the average distance between two nucleons in the nucleus. Taking
into account that r ≃ 10−13 cm, we obtain |~q| ≃ 100 MeV. For the neutrino masses we
have mi . 1 eV. Thus, |~q|2 ≫ m2i and we have q0i =
√
~q2 +m2i ≃ |~q|.
2. Long-wave approximation.
For the two emitted electrons |~pk · ~xk| ≤ |~pk|R for k = 1, 2, where R ≃ 1.2A1/3× 10−13
cm is the radius of the nucleus. Thus, |~pk|R ≃ 10−2A1/3|~pk|MeV−1. Taking into
account that |~pk| . 1 MeV, we obtain |~pk · ~xk| ≪ 1 and e−i~pk·~xk ≃ 1. Thus, the two
electrons are emitted predominantly in the S-state.
3. Closure approximation.
The energy of the virtual neutrino (|~q| ≃ 100 MeV) is much larger than the excitation
energy of the intermediate states: |~q| ≫ (En−Ei). Taking into account this inequality,
we can replace the energies of the intermediate states En with the average energy E.
With this approximation we can perform the sum over total system of intermediate
states: ∑
n
〈Nf |Jα( ~x1)|Nn〉〈Nn|Jβ( ~x2))|Ni〉
En + p02 + q
0
i − Ei − iǫ
≃ 〈Nf |J
α( ~x1)J
β( ~x2))|Ni〉
E + p02 + |~q| − Ei − iǫ
. (4.22)
Furthermore, neglecting the nuclear recoil, in the laboratory system we have
Mi = Mf + p
0
2 + p
0
1, (4.23)
where Mi and Mf are masses of the initial and final nuclei. Using these relations, the
energy denominators in Eq. (4.21) become
E + |~q|+ p01,2 −Mi = E + |~q| ±
p01 − p02
2
− Mi +Mf
2
≃ E + |~q| − Mi +Mf
2
, (4.24)
where we took into account that (p01 − p02)/2≪ |~q|.
After all these approximations the matrix element of ββ0ν decay takes the form
〈f |S2|i〉 = −2i
(
GF cos ϑC√
2
)2
mββNp1Np2 u¯(p1)γαγβ(1 + γ5)Cu¯
T (p2)
×
∫
d3x1d
3x2
1
(2π)3
∫
d3q
ei~q·(~x1−~x2)
|~q|
(
|~q|+ E − Mi+Mf
2
) 〈Nf |(Jα(~x1)Jβ(~x2)
+ Jβ(~x2)J
α(~x1))|Ni〉 2π δ(Mf + p01 + p02 −Mi), (4.25)
with the effective Majorana neutrino mass in Eq. (1.3).
23
Let us stress that the fact that the matrix element of ββ0ν decay is proportional to the
effective Majorana neutrino mass is a consequence of the fact that only the left-handed
neutrino fields enter in the leptonic current.
The expression in Eq. (4.25) of the matrix element of ββ0ν decay can be further sim-
plified. In fact, we have
γαγβ = gαβ +
1
2
(γαγβ − γβγα) . (4.26)
Since the hadronic part of Eq. (4.25) is symmetric under the exchange α ⇆ β, the
second term of Eq. (4.26) does not contribute to the matrix element of the process.
Thus, we can simplify Eq. (4.26) to
〈f |S2|i〉 = − 2imββ
(
GF cosϑC√
2
)2
Np1Np2u¯(p1)γαγβ(1 + γ5)Cu¯
T (p2)
×
∫
d3x1d
3x2
1
(2π)3
∫
d3q
ei~q·(~x1−~x2)
|~q|
(
|~q|+ E − Mi+Mf
2
)
× 〈Nf |(Jα(~x1)Jβ(~x2)|Ni〉 2π δ(Mf + p01 + p02 −Mi). (4.27)
4. The impulse approximation.
In the impulse approximation the hadronic charged current has the form
Jα(~x) =
∑
n
δ(~x− ~rn) τn+
(
gα0J0n(q
2) + gαkJkn(q
2)
)
, (4.28)
where
J0n(q
2) = gV (q
2), ~Jn(q
2) = gA(q
2)~σn + igM(q
2)
~σn × ~q
2M
− gP (q2)~σn · ~q
2M
~q. (4.29)
Here gV (q
2), gA(q
2) and gM(q
2) are CC vector, axial and magnetic form factors of the
nucleon. We have gV (0) = 1, gA(0) = gA ≃ 1.27 and gM(0) = µp − µn, where µp and
µn are the anomalous magnetic moments of the proton and the neutron. From PCAC
it follows that the pseudoscalar form factor is given by gP (q
2) = 2MgA/(q
2 +m2π).
After the integration over ~x1 and ~x2, from Eqs. (4.27) and (4.28) we obtain
〈f |S2|i〉 = 2imββ
(
GF cosϑC√
2
)2
1
(2π)3
√
p01p
0
2
u¯(p1)(1 + γ5)Cu¯
T (p2)
×
∑
n,m
1
(2π)3
∫
d3q
ei~q·(~rn−~rm)
|~q|(|~q|+ E − Mi+Mf
2
)
× 〈Nf |
∑
n,m
τn+τ
m
+ (J
0
nJ
0
m − ~Jn ~Jm)|Ni〉2πδ(Mf + p01 + p02 −Mi). (4.30)
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In this expression we can perform the integration over the angles of the vector ~q:
1
(2π)3
∫
ei~q·~rnmd3q
|~q|(|~q|+ E − 1
2
(Mi +Mf))
=
1
2π2rnm
∫ ∞
0
sin(|~q|rnm) d|~q|
|~q|+ E − 1
2
(Mi +Mf )
, (4.31)
where ~rnm = ~rn − ~rm.
Considering only the major contributions to the nuclear matrix elements given by the
vector and axial terms9 in the hadronic charged current (4.29), we obtain
〈f |S2|i = − imββ
(
GF cosϑC√
2
)2
1
(2π)3
√
p01p
0
2
1
R
u¯(p1)(1 + γ5)Cu¯
T (p2)
×M0νδ(p01 + p02 +Mf −Mi), (4.32)
where R is the radius of the nucleus and
M0ν = g2A
(
M0νGT −
1
g2A
M0νF
)
(4.33)
is the nuclear matrix element. Here,
M0νGT = 〈Ψf |
∑
n,m
H(rn,m, E) τ
n
+τ
m
+ ~σ
n · ~σm)|Ψi〉 (4.34)
is the (axial) Gamow-Teller matrix element and
M0νF = 〈Ψf |
∑
n,m
H(rn,m, E) τ
n
+τ
m
+ |Ψi〉 (4.35)
is the (vector) Fermi matrix element. The function H(rn,m, E)) is given by
H(rn,m, E)) =
2R
πrnm
∫ ∞
0
sin(|~q|rnm) d|~q|
|~q|+ E − 1
2
(Mi +Mf)
, (4.36)
and |Ψi〉 and |Ψi〉 are the wave functions of the initial and final nuclei.
Thus, the matrix element of ββ0ν decay is a product of the effective Majorana mass mββ ,
the electron matrix element and the nuclear matrix element which includes the neutrino
propagator. Taking into account that |~q| ≫ E−(Mi+Mf )/2, for the function H(r) (neutrino
potential) we obtain the approximate expression
H(r) ≃ 2R
πr
∫ ∞
0
sin(|~q|r)
|~q| d|~q| =
R
r
. (4.37)
9Smaller contributions of the pseudoscalar and magnetic terms are usually also taken into account in the
calculations of the nuclear matrix elements (see Ref. 97).
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Let us now calculate the probability of ββ0ν decay. We have∑
r1,r2
∣∣u¯r1(p1)(1 + γ5)C(u¯r2(p2))T ∣∣2 = Tr [(1 + γ5)(γ · p2 +me)(1− γ5)(γ · p1 −me)]
= 8 p1 · p2. (4.38)
From Eqs. (4.32) and (4.38), we find that the decay rate of ββ0ν decay is given by
dΓ0ν = |mββ|2 |M0ν |2 4 (GF cosϑC)
4
(2π)5R2
(E1E2 − p1p2 cos θ)
× F (E1, (Z + 2))F (E2, (Z + 2))|~p1||~p2| sin θ dθ dE1. (4.39)
Here E1,2 ≡ p01,2 are the energies of the two emitted electrons (such that E1+E2 =Mi−Mf )
and θ is the angle between the two electron momenta ~p1 and ~p2. The function F (E,Z)
describes final state electromagnetic interaction of the electron and the nucleus. For a point-
like nucleus it is given by the Fermi function
F (E,Z) ≃ 2πη
1− e−2πη , η = Zα
me
p
. (4.40)
From Eq. (4.39) it follows that for the ultra relativistic electrons the decay rate is proportional
to (1 − cos θ) and is equal to zero at θ = 0. This is due to the fact that the high-energy
electrons produced in weak decays have negative helicity. If the two electrons are emitted in
the same direction, the projection of their total angular momentum on the direction of the
momentum is equal to −1. In 0+ → 0+ nuclear transitions this configuration is forbidden
by angular momentum conservation.
From Eq. (4.39), for the half-life of ββ0ν decay we obtain
(T 0ν1/2)
−1 =
Γ0ν
ln 2
= |mββ|2 |M0ν |2G0ν(Q,Z), (4.41)
with the phase-space factor10
G0ν(Q,Z) =
(GF cos ϑC)
4
ln 2 (2π)5R2
∫ Q
0
dT1E1|~p1|E2|~p2|F (E1, Z ′)F (E2, Z ′). (4.42)
Here T1 = E1−me is the kinetic energy of one of the two emitted electrons, Z ′ = Z+2, and
Q = Mi −Mf − 2me (4.43)
is the Q-value of the process, i.e. the total released kinetic energy.
The total rate of ββ0ν decay is the product of three factors:
10 An additional factor 1/2 is due to the fact that in the final state we have two identical electrons.
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1. The squared modulus of the effective Majorana mass mββ given in Eq. (1.3). The pur-
pose of ββ0ν-decay experiments is to probe the Majorana nature of massive neutrinos
and, if the process is observed, to extract the value of |mββ | from measurements of T 0ν1/2
assuming that the other two factors as known. In Section 6 we discuss the implications
for |mββ| of the values of the neutrino squared mass differences and mixing angles
measured in neutrino oscillation experiments (see Section 2).
2. The squared modulus of the nuclear matrix element M0ν , which must be calculated on
the basis of our knowledge of nuclear physics. Unfortunately, nuclear physics effects
can be calculated only with nuclear models which describe approximately the many-
body interactions of nucleons in nuclei. Since different models have been developed
for the description of different aspects of nuclear physics and the calculations rely
on numerical approximations of the many-body interactions and on truncation of the
large set of excitations of the nuclear states, there are big differences between different
calculations which imply a large theoretical uncertainty for the nuclear matrix elements.
In the following Section 5 we present a comparative review of the results of recent
calculations.
3. The phase-space factor G0ν(Q,Z), which must also be calculated. However, the calcu-
Table 2: Double-β decays for which G0ν(Q,Z) has been calculated in Ref. 98. The columns
give the ββ− nuclear decay, Qββ, G
0ν(Q,Z) and the natural abundance.
ββ− decay Qββ G
0ν(Q,Z) nat. abund.
[keV] [10−26 y−1 eV−2] [%]
48
20Ca→ 4822Ti 4272.26± 4.04 9.501 0.187± 0.021
76
32Ge→ 7634Se 2039.061± 0.007 0.9049 7.73± 0.12
82
34Se→ 8236Kr 2995.12± 2.01 3.891 8.73± 0.22
96
40Zr→ 9642Mo 3350.37± 2.89 7.881 2.80± 0.09
100
42Mo→ 10044Ru 3034.40± 0.17 6.097 9.82± 0.31
110
46Pd→ 11048Cd 2017.85± 0.64 1.844 11.72± 0.09
116
48Cd→ 11650Sn 2813.50± 0.13 6.396 7.49± 0.18
124
50Sn→ 12452Te 2286.97± 1.53 3.462 5.79± 0.05
128
52Te→ 12854Xe 865.87± 1.31 0.2251 31.74± 0.08
130
52Te→ 13054Xe 2526.97± 0.23 5.446 34.08± 0.62
136
54Xe→ 13656Ba 2457.83± 0.37 5.584 8.8573± 0.0044
148
60Nd→ 14862Sm 1928.75± 1.92 3.868 5.756± 0.021
150
60Nd→ 15062Sm 3371.38± 0.20 24.14 5.638± 0.028
154
62Sm→ 15464Gd 1251.03± 1.25 1.155 22.75± 0.29
160
64Gd→ 16066Dy 1729.69± 1.26 3.661 21.86± 0.19
198
78Pt→ 19880Hg 1047.17± 3.11 2.894 7.36± 0.13
232
90Th→ 23292U 842.15± 2.46 5.335 100
238
92U→ 23894Pu 1144.98± 1.25 12.87 99.274
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lation is much easier, since G0ν(Q,Z) is given by Eq. (4.42). Table 2 gives the values of
G0ν(Q,Z) calculated recently with high accuracy in Ref. 98 for several nuclei. The cal-
culation was made considering the exact Dirac wave functions of the electrons, taking
into account the finite nuclear size and electron screening.
In this review we consider only ββ0ν decay due to light neutrino masses through the
effective Majorana massmββ, but there are many mechanisms in models beyond the Standard
Model which can generate ββ0ν decay through new interactions and/or the exchange of new
particles (see Refs. 43, 99–105). However, it is important to realize that in any case the
existence of ββ0ν decay implies that neutrinos are Majorana particles [94, 106, 107]. The
reason is that one can consider the ββ0ν elementary interaction process dd → uue−e− as
generated by the black box depicted in Fig. 4, which can include any mechanism. Then, as
shown in Fig. 4 [94], the external lines of the black box representing the interacting particles
can be arranged to form a diagram which generates ν¯e → νe transitions. This diagram
contributes to the Majorana mass of the electron neutrino through radiative corrections at
some order of perturbation theory, even if there is no tree-level Majorana neutrino mass term.
Furthermore, unless there is a global symmetry which forbids a νe Majorana mass term, it
is very unlikely that this diagram and its variations (for example, exchanging a photon
between two lines [94]) are canceled exactly by the contributions of other diagrams. Since
it can be proved that the existence of a global symmetry which forbids a νe Majorana mass
term would forbid also ββ0ν decay [106, 107] (see Section 14.3.2 of Ref. 46), the Majorana
nature of neutrinos is a sufficient and necessary condition for the existence of ββ0ν decay.
This is an important fact which must be kept in mind to appreciate the power of ββ0ν-decay
experiments: in spite of the nuclear physics uncertainty, an unambiguous observation of ββ0ν
decay would represent a proof that neutrinos are Majorana particles!
It must be however clear that if ββ0ν decay is not generated by neutrino masses at the
tree level and a νe Majorana mass term is generated by radiative corrections through the
black-box mechanism, the corresponding Majorana mass is much smaller than the value
of |mββ | which would generate the same ββ0ν decay, since the amplitude of the process
in Fig. 4 is suppressed at least by a factor G2F with respect to the ββ0ν-decay amplitude
corresponding to the black box. Indeed, the explicit calculation in Ref. 108 shows that a
ββ0ν decay amplitude corresponding to a value of |mββ| of the order of 10−1 eV generates
radiatively a νe Majorana mass of the order of 10
−24 eV, which is many orders of magnitude
smaller.
A simple positive measurement of ββ0ν decay is not sufficient to determine if it is gener-
ated by light neutrino masses with the rate is given by Eq. (4.41), but more complex mea-
surements may reveal the dominant mechanism of ββ0ν decay. Possible techniques which
have been proposed are:
• A comparison of the measured decay rates of different nuclei [109–112]. Obviously, this
method can succeed only if the theoretical uncertainty of the corresponding nuclear
matrix elements is not too large.
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• The determination of the angular and energy distribution of the two outgoing elec-
trons [113–116]. In the recent past, the TGV [117], ELEGANT [118, 119] and NEMO
[120,121] experiments were able to make such measurements through spectroscopic ob-
servations of the two electrons. Their sensitivity will be improved by the SuperNEMO
experiment [116, 122].
Nevertheless, we think that if ββ0ν decay is found with a rate which corresponds to an
effective Majorana mass mββ which is compatible with the predictions that can be obtained
from the measured neutrino masses and mixing (see Section 6), then it would be very likely
that it is generated by the neutrino masses, which is the simplest and most natural mechanism
given the known massive nature of neutrinos.
5 Nuclear matrix elements
The main purpose of neutrinoless double-β decay experiments is to prove the Majorana
nature of massive neutrinos and to measure the effective Majorana mass in Eq. (1.3) if the
ββ0ν decay is generated by the known light neutrino masses. In this case, the value of the
effective Majorana mass can be obtained from a measurement of the neutrinoless double-β
decay rate in Eq. (4.41) only if the nuclear matrix element (NME) |M0ν | is known with
a sufficient accuracy. Unfortunately, since |M0ν | cannot be measured independently11, it
must be calculated. This is a complicated nuclear many-body problem whose discussion
is beyond the scope of this review (see Refs. 41, 99, 124–127). In this Section we present
briefly the results of recent calculations of the NMEs of several nuclei and a discussion of
the uncertainties of the values of the NMEs which are important for the interpretation of
the experimental data.
Five different methods have been used for the calculation of neutrinoless double-β decay
NMEs:
NSM: Nuclear Shell Model [129–132] (see also Ref. 127).
QRPA: Quasi-particle Random Phase Approximation [97, 133, 134, 136–139, 144–154] (see
also Refs. 99, 124, 125, 155).
IBM: Interacting Boson Model [140, 156–158] (see also Refs. 159, 160).
EDF: Energy Density Functional [141,142,161], also called Generating Coordinate Method
[162] (GCM).
PHFB: Projected Hartree-Fock-Bogoliubov approach [143, 163].
11 Note however that if the rates of the ββ0ν decays of at least two different nuclei are measured, the ratio
of the corresponding NMEs can be determined from the data. This could allow to test the nuclear model
calculations of the NMEs [123].
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Figure 5: Values of the nuclear matrix element (NME) |M0ν | for several double-β decay-
ing nuclei of experimental interest calculated with different methods: Nuclear Shell Model
(NSM): CMNP07 [128], MPCN08 [129], MPCN09 [130], NSH12 [131], HB13 [132]; Quasi-
particle Random Phase Approximation (QRPA): KS07 [133, 134], SC10 [135], S11 [136]
(UCOM SRC); Self-consistent Renormalized QRPA (SRQRPA): FMPS11 [137]; Renormal-
ized QRPA (RQRPA): FRS12 [138] (Argonne and CD-Bonn SRC); Deformed Skyrme QRPA
(DSQRPA): ME13 [139]; Interacting Boson Model-2 (IBM-2): BKI13 [140]; Energy Density
Functional (EDF): RM10 [141], VRE13 [142]; Projected Hartree-Fock-Bogoliubov model
(PHFB): RCCR11 [143]. The error bars do not have a statistical meaning, but represent the
range of values of |M0ν | in the corresponding model under variations of the model parameters
and treatment of interactions.
Figure 5 shows the results of recent implementations of these methods. The error bars
in Fig. 5 do not have a statistical meaning, but represent the range of values of |M0ν | in the
corresponding model under variations of the model parameters and treatment of interactions.
The most important are:
The axial coupling constant gA. The value of gA considered by several authors is the
traditional value gA = 1.25, whereas the current value is gA = 1.2723 ± 0.0023 [164].
Moreover, the strength of Gamow-Teller transitions must be “quenched” in order to fit
the experimental data of single β decays, electron capture and (p, n) charge-exchange
reactions (see Ref. 127,165,166). Since the quenching depends on the model calculation,
different authors consider different effective values geffA of gA. Among the calculations
considered in Fig 5, the EDF calculations [141, 142] assume geffA = 0.93, all the QRPA
calculations [133,134,136–139,151] and the PHFB calculation [143] consider both geffA =
1.25 and geffA = 1.0. All the NSM calculations [128–132] assume the standard value
geffA = 1.25 and the IBM-2 calculation [140] uses g
eff
A = 1.269, which is the 2006 PDG
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value [167]. It is also possible that geffA has a value much smaller than unity, as discussed
in Refs. 166, 168, 169.
The short-range correlations among nucleons. The short-range repulsion between nu-
cleons is traditionally taken into account with the Jastrow method [170] of multiplying
the two-body wave function by a short-range correlation (SRC) function fSRC(r), where
r is the distance between the two nucleons12. In the traditional parameterization of
Miller and Spencer [171],
fSRC(r) = 1− c e−ar2
(
1− b r2) , (5.1)
with a = 1.1 fm−2, b = 0.68 fm−2, c = 1 (Jastrow-MS). In recent years, several authors
have adopted the newer Argonne potential (Argonne) [172], or the charge-dependent
Bonn potential (CD-Bonn) [173], or the unitary correlation operator method (UCOM)
[174]. In general, in the framework of the same nuclear model, the Jastrow-MS, UCOM,
Argonne and CD-Bonn short-range correlations give increasing values of |M0ν | (see,
for example, the comparisons in Refs. 133,136–138,140,143). The different approaches
are discusses in details in Ref. 149, where the effects of the Argonne and CD-Bonn
potentials are approximated by the short-range correlation function in Eq. (5.1) with
a = 1.59 fm−2, b = 1.45 fm−2, c = 0.92, and a = 1.52 fm−2, b = 1.88 fm−2, c = 0.46,
respectively. Figure 6 shows the corresponding dependence of fSRC(r) on r for the
Jastrow-MS, Argonne and CD-Bonn parameterizations. One can see that larger values
of |M0ν | are associated with larger short-range correlations for r . 1 fm.
The gpp parameter in QRPA and its variants. This is a parameter of order one which
renormalizes the particle-particle interaction [175,176] (see Refs. 99,125) and depends
on the specific nuclear transition. For each ββ0ν decay, the value of gpp is fixed by
the measured lifetime of the corresponding ββ2ν decay
13 [145, 146, 148], or by that
of the electron-capture and/or single β decay of the intermediate nucleus [179–181],
or both [168]. Note that the value of gpp obtained with these methods is obviously
correlated with that of geffA obtained from the same data (see Refs. 133,134,137,138,182).
From Fig. 5 one can see that the NSM values [128–132] of the NME of each ββ0ν decay
calculated in different publications do not differ much and for some nuclei they are signifi-
cantly smaller than those calculated with other methods. Moreover, the variation of the NSM
values of |M0ν | for different nuclei is small14, with the only exception of the double-magic
nucleus 4820Ca, for which the NME is significantly suppressed.
12 The additional effects of the finite size of a nucleon are taken into account with appropriate form factors
in momentum space, typically of dipole form.
13 The available ββ2ν decay data are reviewed in Refs. 177, 178.
14 Notice that the weak dependence of the value of the nuclear matrix element on the decaying
nucleus in NSM calculations implies that a measurement of the half-life of ββ0ν -decay of a nucleus
A
ZX allows to predict the ββ0ν -decay half-life of another nucleus
A′
Z′X. In fact, we have T
0ν
1/2(
A
ZX) ≃
T 0ν1/2(
A′
Z′X)G
0ν(Q,Z)/G0ν(Q′, Z ′). This relation could allow to test one of the main features of NSM cal-
culations.
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Figure 6: The short-range correlation function in Eq. (5.1) in the traditional Jastrow-
MS [170,171] approach and in the parameterizations of Ref. 149 which describe approximately
the Argonne [172], and CD-Bonn [173] short-range correlations (SRC).
QRPA calculations [133, 134, 136–139, 151] approximately agree for the nuclei in Fig. 5,
except for the smaller and much smaller value of |M0ν | for 13654Xe and 13052Te obtained in the
recent ME13 calculation [139].
The IBM-2 calculation [140] covers almost all the nuclei in Fig. 5. For several nuclei it is
in approximate agreement with QRPA calculations (an exception is 11046Pd).
The EDF [141, 142] values of |M0ν | are in approximate agreement with QRPA and/or
IBM-2 values for some nuclei and more in agreement with the NSM values for others. The
recent calculation in Ref. 142 (VRE13) improved that in Ref. 141 (RM10) by taking into
account the effect of pairing fluctuations, which gives a larger value of |M0ν | for all the nuclei
in Fig. 5, except 4820Ca.
The PHFB [143] values of |M0ν | tend to be large for some nuclei in Fig. 5 and intermediate
for others.
Considering the range of values of |M0ν | for each nucleus in Fig. 5 it is clear that there is
a large theoretical uncertainty which is quite unsatisfactory for future prospects to measure
mββ. Table 3 shows the range of calculated values of |M0ν | and the ratio |M0ν |max/|M0ν |min
for all the ββ− decays of experimental interest (see Tab. 2) and others for which more than
one calculation of |M0ν | exists. One can see that the minimum discrepancy among different
calculations is a factor 1.7 for 11648Cd and the discrepancy can be as large as a factor 4.6 for
48
20Ca!
The theoretical uncertainties of NMEs is an important problem which has been discussed
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by several authors with different approaches [143, 146, 183–185]. Since all the five methods
described above have advantages and disadvantages and for each method there are variants
of the technique on which the method is based (e.g. QRPA, RQRPA, SRQRPA, DSQRPA,
etc.) and the necessity to assume the values of some parameters (e.g. gA, gpp, etc.) and the
treatment of some interactions (e.g SRC), there is no consensus among experts on a method
that can be preferred over the others and each method is subject to future developments.
In this unsettled situation, the range of values of the NME obtained with different methods
for each ββ0ν decay is the only indication that we have on the NME uncertainty. Therefore,
in the following we consider this range as the theoretical NME uncertainty. However, we
think that this range is only indicative, because the true NME may well be out of the
range. Contrary to some authors, we think that the theoretical NME uncertainty should not
be considered with a statistical meaning, because theoretical calculations are not random
events. Hence, in the following, when we derive the value of a quantity which depends
on |M0ν |, we give the results corresponding to the range of available calculations of |M0ν |,
keeping in mind that it has no statistical meaning and that in the future it may collapse to
a definite value or to a much narrower range if one method of calculation will be proved to
be better than others.
In Tab. 3 we present also the range of half-lives T 0ν1/2 of the considered nuclei for mββ =
0.1 eV, corresponding to the theoretical NME uncertainty. Figure 12 shows the same total
ranges of half-lives and those obtained with the different methods (NSM, QRPA, IBM-2,
EDF, PHFB), compared with the corresponding current experimental most stringent limits
at 90% CL (which are listed in Tab. 5).
The fractional uncertainty between about 2 and 3 of the NME of most nuclei in Tab. 3
Table 3: Range of calculated values of |M0ν |, ratio |M0ν |max/|M0ν |min, and range of half-lives
T 0ν1/2 for mββ = 0.1 eV for all the ββ
− decays of experimental interest (see Tab. 4) and others
for which more than one calculation of |M0ν | exists.
ββ− decay |M0ν | |M
0ν |max
|M0ν |min
T 0ν1/2(mββ = 0.1 eV)
[1026 y]
48
20Ca→ 4822Ti 0.89÷ 4.14 4.6 0.6÷ 13.3
76
32Ge→ 7634Se 3.59÷ 10.39 2.9 1.0÷ 8.6
82
34Se→ 8236Kr 3.41÷ 8.84 2.6 0.3÷ 2.2
96
40Zr→ 9642Mo 2.45÷ 5.62 2.3 0.4÷ 2.1
100
42Mo→ 10044Ru 4.39÷ 12.13 2.8 0.1÷ 0.8
110
46Pd→ 11048Cd 4.90÷ 13.91 2.8 0.3÷ 2.3
116
48Cd→ 11650Sn 3.77÷ 6.26 1.7 0.4÷ 1.1
124
50Sn→ 12452Te 3.28÷ 8.61 2.6 0.4÷ 2.7
128
52Te→ 12854Xe 3.55÷ 8.78 2.5 5.8÷ 35.2
130
52Te→ 13054Xe 2.06÷ 8.00 3.9 0.3÷ 4.3
136
54Xe→ 13656Ba 1.85÷ 6.38 3.4 0.4÷ 5.2
150
60Nd→ 15062Sm 1.48÷ 5.80 3.9 0.1÷ 1.9
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Figure 7: Value of the effective Majorana mass |mββ| as a function of the lightest neutrino
mass in the three cases discussed in Section 2.6: normal hierarchy (NH), inverted hierarchy
(IH) and quasi-degenerate spectra (QD).
implies larger fractional uncertainties between about 4 and 9 of the corresponding half-lives,
which depend on |M0ν |2. This is a problem for the planning of experiments, if one wants to
reach a sensitivity to a small value of |mββ |, because the uncertainty on the corresponding
half-life is rather large, as shown in Fig. 12. The problem is exacerbated by the uncertainty
in the quenching of gA: since the half-life is proportional to g
4
A an uncertainty by a factor of
2 for gA implies an uncertainty of a factor 16 for T
0ν
1/2!
On the other hand, since for a given T 0ν1/2 the effective Majorana mass is inversely pro-
portional to |M0ν |,
|mββ| = |M0ν |−1
[
T 0ν1/2G
0ν(Q,Z)
]−1/2
, (5.2)
the fractional uncertainty on the extraction of |mββ| from a measured value or a limit of T 0ν1/2
is the same as that of |M0ν |, i.e. a factor between about 2 and 3. This is shown in Fig. 13,
in which we compared the limits on |mββ| obtained from recent experimental results taking
into account the uncertainty of |M0ν |.
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6 Effective Majorana mass
The existing atmospheric, solar, and long-baseline reactor and accelerator neutrino oscillation
data are perfectly described by the three neutrino mixing paradigm (see Section 2), with
νlL =
3∑
i=1
Uliνi (l = e, µ, τ). (6.1)
Using the standard parameterization in Eq. (2.2) of the three-neutrino mixing matrix, the
effective Majorana mass in ββ0ν decay can be written as
|mββ| = |c213c212e2iα1m1 + c213s212e2iα2m2 + s213m3|, (6.2)
where αi = λi + δ.
Since the values of the mixing angles and of the squared-mass differences are known from
oscillation data (see Table 1), the value of |mββ| can be plotted as a function of the lightest
neutrino mass mmin = m1 in the normal spectrum and mmin = m3 in the inverted spectrum,
as shown in Fig. 7, where we used the relations (2.11) and (2.12). The largeness of the
allowed bands are mainly due to our complete ignorance of the values of the two phases
α1 and α2, which can cause significant cancellations between the contributions to |mββ| in
Eq. (6.2) (see Refs. 186–189). Figure (7) shows that a complete cancellation is not possible
in the case of an inverted spectrum, for which |mββ| is bounded to be larger than about
2× 10−2 eV. In the case of a normal spectrum a complete cancellation is not possible in the
quasi-degenerate region, but it is possible in the normal hierarchy region for mmin = m1 in
the approximate interval (2− 7)× 10−3 eV.
The lower bound on |mββ| of about 2 × 10−2 eV in the case of an inverted spectrum
provides a strong encouragement for the experimental searches of ββ0ν decay in the near
future, with the aim of measuring ββ0ν decay if the neutrino masses have an inverted spec-
trum or excluding the inverted spectrum if no signal is found. Let us stress, however, that
if ββ0ν decay is discovered in these experiments the problem of the determination of the
type of neutrino mass spectrum will remain unsolved. In fact, from Fig. 7 one can see that
the case of an inverted hierarchy can be established only if it is known independently that
mmin . 10
−2 eV. Otherwise, the neutrino mass spectrum can be either normal or inverted,
with nearly quasi-degenerate masses.
Since it is difficult to measure directly the value of mmin and the current and near-future
measurements of the absolute values of neutrino masses are done through the measure-
ments of the effective electron neutrino mass mβ in β-decay experiments and through the
measurements of the sum
∑
kmk of the neutrino masses in cosmological experiments (see
Section 2.6), it is useful to plot the allowed interval of |mββ| as a function of these two
quantities [190–193], as done15 in Figs. 8 and 9. One can see that the allowed regions in the
15 Note that, contrary to some similar figures published in the literature, Figs. 8 and 9 take into account
the uncertainties of mβ and of
∑
kmk induced by the uncertainties of the neutrino oscillation parameters
(given in Tab. 1).
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Section 2.6: normal hierarchy (NH), inverted
hierarchy (IH) and quasi-degenerate spectra
(QD).
normal and inverted spectra have large overlaps. Therefore, if |mββ | is found to be larger
than about 2 × 10−2 eV it may be difficult to distinguish the normal and inverted spectra
with absolute neutrino mass measurements16.
In the following Subsections we consider in some details the three cases NH, IH and QD
(see also the recent discussions in Refs. 201–204).
6.1 Normal hierarchy of neutrino masses (NH)
In this case the contribution to |mββ| of the first term in Eq. (6.2) can be neglected, leading
to
|mββ| ≃
∣∣∣∣cos2 ϑ13 sin2 ϑ12e2iα2√∆m2S + sin2 ϑ13√∆m2A∣∣∣∣ (6.3)
The first term on the right-hand side is small because of the smallness of the solar squared-
mass difference ∆m2S and in the second term the contribution of the “large” atmospheric
16 There are however several accelerator [194, 195], reactor [196, 197] and atmospheric [198, 199] neutrino
oscillation experiments aimed at a measurement of the neutrino mass hierarchy in the near future (see also
Ref. 200).
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squared-mass difference ∆m2A is suppressed by the small factor sin
2 ϑ13. Using the best fit
values of the parameters we have
cos2 ϑ13 sin
2 ϑ12
√
∆m2S ≃ 3× 10−3 eV, sin2 ϑ13
√
∆m2A ≃ 1× 10−3 eV. (6.4)
Thus, the absolute values of the two terms in Eq. (6.3) are of the same order of magnitude.
Taking into account the 3σ range of the mixing parameters in Tab. 1, we obtain the upper
bound
|mββ | ≤ cos2 ϑ13 sin2 ϑ12
√
∆m2S + sin
2 ϑ13
√
∆m2A . 4× 10−3 eV, (6.5)
in agreement with Fig. 7. Unfortunately, since this upper bound is significantly smaller than
the sensitivity of future planned experiments on the search for ββ0ν decay (see Section 7),
it will be very difficult to explore the NH with future ββ0ν decay experiments.
On the other hand, if there are light sterile neutrinos at the eV scale, as suggested by
anomalies found in short-baseline oscillation experiments (see Refs. 205–213), their additional
contribution to |mββ| cannot be canceled by that of the standard three light neutrinos with a
normal hierarchy [42, 211, 214–222]. In this case the future planned ββ0ν decay experiments
can find a signal.
6.2 Inverted hierarchy of neutrino masses (IH)
In this case, the contribution of the small m3, which is suppressed by the small sin
2 ϑ13
coefficient, can be neglected in Eq. (6.2), leading to
|mββ| ≃
√
∆m2A
√
1− sin2 2ϑ12 sin2 α, (6.6)
where the Majorana phase difference α = α2 − α1 is the only unknown parameter. Hence,
in this case |mββ| is bounded in the interval√
∆m2A cos 2ϑ12 . |mββ | .
√
∆m2A. (6.7)
The upper (lower) bound of (6.7) corresponds to equal (opposite) CP parities of ν1 and ν2 if
the lepton sector is CP-invariant17. Taking into account the 3σ ranges of ∆m2A and sin
2 ϑ12
in Tab. 1, we obtain
2× 10−2 . |mββ | . 5× 10−2 eV, (6.8)
in agreement with Fig. 7. The ββ0ν decay experiments of the next generation are aimed at
exploring at least part of this interval of |mββ|. From Eqs. (4.41) and (6.7), the predicted
half-lives of each nuclear ββ0ν decay must lie in the range[
∆m2A|M0ν |2G0ν(Q,Z)
]−1
. T 0ν1/2 .
[
∆m2A cos 2ϑ12|M0ν |2G0ν(Q,Z)
]−1
. (6.9)
17 In fact, from CP invariance it follows that Uei = U
∗
eiηi, where ηi = ±i is the CP parity of the Majorana
neutrino with mass mi. From this condition we find e
2iαi = ηi. Thus, we have e
2i(α2−α1) = e2iα = η2η
∗
1 . If
η2 = η1 we have α = 0, π (the upper bound in Eq. (6.7)), and if η2 = −η1 we have α = ±π/2 (the lower
bound in Eq. (6.7)).
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Figure 10: Intervals of T 0ν1/2 obtained from Eq. (6.9) in the case of an inverted neutrino
mass hierarchy for several double-β decaying nuclei of experimental interest with the NME
calculations in Fig. 5.
Figure 10 shows the values of this interval of T 0ν1/2, predicted in the case of an inverted neutrino
mass hierarchy, for several double-β decaying nuclei of experimental interest obtained with
the NME calculations in Fig. 5.
In the near future, several accelerator [194, 195], reactor [196, 197] and atmospheric
[198, 199] neutrino oscillation experiments are aimed at the determination of the normal
or inverted character of the neutrino mass spectrum (see also Ref. 200). If it is found that
the spectrum is inverted and if future measurements of the absolute value of the neutrino
masses exclude the quasi-degenerate scenario (see Section 6.3, we will have an evidence in
favor of the inverted hierarchy of the neutrino masses. Then, if massive neutrinos are Majo-
rana particles, neutrinoless double β-decay could be observed in future experiments sensitive
to mββ in the range (6.8). A measurement of the values of the half-lives of the ββ0ν-decay of
different nuclei and a comparison of these values with the predicted range (6.9) could allow to
check whether the Majorana mass mechanism is the only mechanism generating neutrinoless
double β-decay. In particular, in the extreme case in which ββ0ν decay is not observed in the
experiments sensitive to the lowest value of mββ in Eq. (6.8), it will be possible to conclude
that
• neutrinos with definite masses are Dirac particles, or
• in addition to the contribution of the three light neutrinos there are contributions to the
amplitude of ββ0ν decay due to new particles (light sterile neutrinos [42,211,214–222],
or others [41, 43, 103]) which cancel the three-neutrino contribution.
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Figure 11: Total electron kinetic energy spectra of the ββ2ν and ββ0ν decays of
76
32Ge.
6.3 Quasi-degenerate neutrino mass spectrum (QD)
In this case, neglecting in Eq. (6.2) the contribution of m3, which is suppressed by the small
sin2 ϑ13 coefficient, and using the approximate common mass m
QD
ν in Eq. (2.15), we obtain
|mββ| ≃ mQDν
√
1− sin2 2ϑ12 sin2 α, (6.10)
with α = α2 − α1. Thus, in the case of a quasi-degenerate neutrino mass spectrum |mββ|
depends on two unknown parameters: the mass mQDν and the Majorana CP phase difference
α. From Eq. (6.10) we find
mQDν cos 2ϑ12 . |mββ| . mQDν . (6.11)
Taking into account that cos 2ϑ12 is large (≃ 0.38), we can conclude that if the ββ0ν decay
is observed with a large effective Majorana mass (significantly larger than
√
∆m2A ≃ 5 ×
10−2 eV), it will be an evidence in favor of a quasi-degenerate neutrino mass spectrum. In
this case, mQDν is bounded in the interval
|mββ| . mQDν .
|mββ|
cos 2ϑ12
≃ 2.6 |mββ|. (6.12)
Information on mQDν is given by the experiments sensitive to the absolute values of neu-
trino masses discussed in Section 2.6.
In the case of a quasi-degenerate neutrino mass spectrum the effective electron neutrino
mass in Eq. (2.16) becomes
mβ ≃ mQDν , (6.13)
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Figure 12: Comparison of the 90% CL experimental lower limits on T 0ν1/2 of the experiments
listed in Tab. 5 confronted with the corresponding range of theoretical predictions for mββ =
0.1 eV (see Tab. 3).
leading to a direct measurement ofmQDν in the experiments which measure with high precision
the end-point part of the electron spectrum in β decays. The sensitivity tomβ of the KATRIN
experiment [75], which is scheduled to start data taking in 2016, is illustrated by the vertical
dashed line in Fig. 8.
The analysis of cosmological data is sensitive to the sum of neutrino masses, which in
the case of a quasi-degenerate neutrino mass spectrum is given by∑
i
mi ≃ 3mQDν . (6.14)
Hence, the cosmological bound in Eq. (2.18) implies the rather stringent limit given by the
vertical dashed line in Fig. 9, which excludes most of the QD region. Let us however note
that the results of analyses of cosmological data are model-dependent and must be confirmed
by direct measurements.
7 Experimental status of ββ0ν decay
Table 4 presents a list of past, current and future experiments and the corresponding double-
β nuclear transitions. Detailed reviews of neutrinoless double-β decay experiments have been
given recently in Refs. 34, 40, 44, 45.
The experiments searching for ββ0ν decay observe the two electrons emitted in the process
(1.1). As illustrated in Fig. 11, in ββ0ν decay the sum of the energies of the two emitted
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electrons is equal to the Q-value of the process given by Eq. (4.43). This signature allows to
distinguish ββ0ν decay events from ββ2ν decay events, whose electrons have the continuous
spectrum depicted in Fig. 11.
From the experimental point of view there are two main requirements for the search of
ββ0ν decay: 1) a sufficiently low background in an appropriate search energy window around
the Q-value, which depends on the energy resolution of the detector; 2) a sufficient number of
ββ0ν-decaying nuclei which allow to observe a significant signal excess over the background.
Background reduction is achieved by placing the detector in a deep underground labora-
tory in order to reduce the cosmic-ray background, by shielding the detector from environ-
mental radioactivity and by constructing the detector with low-radioactivity material.
Table 5 gives the most stringent 90% CL experimental lower limits on the ββ0ν half-lives
of several nuclei established by recent experiments and the corresponding upper bounds for
mββ taking into account the NME theoretical uncertainties in Tab. 3. One can see that
the most stringent upper limits on mββ are between about 0.2 eV and 0.6 eV, depending
on the NME theoretical uncertainties. The same limits on T 0ν1/2 are illustrated in Fig. 12,
where they are compared with the corresponding range of the NSM, QRPA, IBM-2, EDF
and PHFB theoretical predictions for mββ = 0.1 eV. Figure 13 illustrates the experimental
upper bounds for mββ obtained with the NSM, QRPA, IBM-2, EDF and PHFB calculation
of the nuclear matrix elements. One can see that the 7632Ge and
136
54Xe experiments give the
strongest upper limit on mββ, which is close to about 0.2 eV according to the IBM-2 and
Table 4: Recent past, current and future neutrinoless double-β decay experiments. See
Ref. 177 for a complete list of previous experiments and results.
ββ− decay past exp. current exp. future exp.
48
20Ca→ 4822Ti ELEGANT-VI [119] CANDLES [223]TGV [117]
76
32Ge→ 7634Se Heidelberg-Moscow [224] GERDA [32] Majorana [225]IGEX [226]
82
34Se→ 8236Kr NEMO-3 [120] SuperNEMO [227]LUCIFER [228]
70
30Zn→ 7032Ge Solotvina [229] COBRA [230]
100
42Mo→ 10044Ru
ELEGANT-V [118] MOON [231]
NEMO-3 [121] AMoRE [232]
LUMINEU [233]
116
48Cd→ 11650Sn Solotvina [234] COBRA [230]
128
52Te→ 12854Xe CUORICINO [235] COBRA [230]
130
52Te→ 13054Xe CUORICINO [235] COBRA [230] CUORE [236]SNO+ [237]
136
54Xe→ 13656Ba Gotthard [238] EXO [239] NEXT [240]KamLAND-Zen [241] XMASS [242]
150
60Nd→ 15062Sm NEMO-3 [243] DCBA [244]
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Figure 13: Comparison of the the limits on |mββ| obtained from the 90% CL experimental
lower limits on T 0ν1/2 in Fig. 12 taking into account the uncertainties of the theoretical nuclear
matrix element calculations.
some QRPA calculations. According to the NSM and EDF calculations, for 7632Ge the upper
limit on mββ is close to about 0.6 eV, whereas for
136
54Xe it is close to about 0.3− 0.4 eV.
A question which has been debated in the literature in the last decade concerns the
Table 5: Recent 90% CL experimental lower limits on T 0ν1/2 and corresponding upper bounds
for mββ taking into account the NME theoretical uncertainties in Tab. 3. See Ref. [177] for
a complete list of previous experiments and results.
ββ− decay experiment T 0ν1/2 [y] mββ [eV]
48
20Ca→ 4822Ti ELEGANT-VI [119] > 1.4× 1022 < 6.6− 31
76
32Ge→ 7634Se
Heidelberg-Moscow [224] > 1.9× 1025 < 0.23− 0.67
IGEX [226] > 1.6× 1025 < 0.25− 0.73
GERDA [32] > 2.1× 1025 < 0.22− 0.64
82
34Se→ 8236Kr NEMO-3 [120] > 1.0× 1023 < 1.8− 4.7
100
42Mo→ 10044Ru NEMO-3 [121] > 2.1× 1025 < 0.32− 0.88
116
48Cd→ 11650Sn Solotvina [234] > 1.7× 1023 < 1.5− 2.5
128
52Te→ 12854Xe CUORICINO [235] > 1.1× 1023 < 7.2− 18
130
52Te→ 13054Xe CUORICINO [236] > 2.8× 1024 < 0.32− 1.2
136
54Xe→ 13656Ba EXO [239] > 1.1× 10
25 < 0.2− 0.69
KamLAND-Zen [241] > 1.9× 1025 < 0.15− 0.52
150
60Nd→ 15062Sm NEMO-3 [243] > 2.1× 1025 < 2.6− 10
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Figure 14: Comparison of the alleged [31] observation of T 0ν1/2(
76
32Ge) = 1.19
+0.37
−0.23 × 1025 y
(green 68% CL band with the label “KK”) with the 90% CL lower limit on T 0ν1/2(
76
32Ge) of the
GERDA experiment [32] and with the 90% CL lower limits on T 0ν1/2(
136
54Xe) of the EXO [239]
and KamLAND-Zen [241] experiments. The diagonal orange band gives the correlation
between T 0ν1/2(
76
32Ge) and T
0ν
1/2(
136
54Xe) in the nuclear matrix element calculations discussed in
Section 5. The cases of some specific calculations are shown with diagonal red lines.
validity of the claim of observation of ββ0ν decay of
76
32Ge presented in Refs. 31,33 by part of
the Heidelberg-Moscow collaboration and its compatibility with other data (see Refs. 34,188,
245, 246). Here we consider the result T 0ν1/2(
76
32Ge) = 1.19
+0.37
−0.23 × 1025 y presented in Ref. 31,
because the larger value (T 0ν1/2(
76
32Ge) = 2.23
+0.44
−0.31 × 1025 y) presented in Ref. 33 has been
severely criticized in Ref. 34. Figure 14 shows that the value T 0ν1/2(
76
32Ge) = 1.19
+0.37
−0.23 × 1025 y
is strongly disfavored by the recent results of the GERDA experiment [32]. Moreover, Fig. 14
shows that it is also disfavored by the results on T 0ν1/2(
136
54Xe) of the EXO [239] and KamLAND-
Zen [241] experiments with most of the nuclear matrix element calculations discussed in
Section 5.
Let us now briefly discuss the general strategy of the design of future ββ0ν-decay experi-
ments. The aim of an experiment is to observe ββ0ν-decay by measuring a number of events
in the search energy window which is larger than the expected background fluctuation at a
given statistical confidence level (CL). Therefore, in order to quantify and compare the per-
formances of different ββ0ν-decay experiments it is useful to consider a detector sensitivity
S0ν , which is defined as the process half-life which generates a number of events which is
equal to the expected background fluctuation ∆NB at 1σ (68.27% CL). In other words, if
the process half-life is larger than the sensitivity S0ν the ββ0ν signal can be hidden at 1σ by
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background fluctuations. Experiments with larger S0ν are sensitive to larger values of the
half-life T 0ν1/2, which correspond to smaller values of the effective Majorana mass |mββ |.
In order to determine the expression of the sensitivity S0ν let us first note that in a
detector with a number Nnuc of nuclei which decay with a rate Γ
0ν , the expected number of
measured ββ0ν events in a time Tobs is
Nββ0ν = Γ
0νNnucTobsǫ =
ln 2
T 0ν1/2
xηNAMdet
wmol
Tobsǫ, (7.1)
where ǫ is the detection efficiency. In the second equality we have taken into account that
the number of decaying nuclei Nnuc in a detector made of molecules containing atoms of type
X which have a ββ-decaying isotope AX is given by the product of the number x of X atoms
in a molecule, the isotopic abundance η of AX, the Avogadro number NA, and the detector
mass Mdet divided by the molecular weight wmol.
On the other hand, since the background follows the Poisson statistics, the expected 1σ
fluctuation of the number NB of background events in the time Tobs is given by
∆NB =
√
NB =
√
RBMdetTobs∆E , (7.2)
where ∆E is the search energy window and RB is the rate of background events per unit
mass, time and energy.
Equating Nββ0ν to ∆NB, we obtain
S0ν = T
0ν
1/2(Nββ0ν = ∆NB) = ln 2
xηNAǫ
wmol
√
MdetTobs
RB∆E
. (7.3)
This expression of S0ν is useful to understand which quantities are important for reaching
a high sensitivity. It is clear that an improvement of the enrichment of the material with
the ββ-decaying isotope, which increases η, is important because S0ν is linear in η, but its
effect is limited, because η ≤ 1. The same applies to the efficiency ǫ. Unfortunately the
quantities which can be improved without an obvious limit are under the square root, so
that an improvement of S0ν by a factor of two requires a detector which is four times more
massive, etc.
Note that the above definition of the sensitivity S0ν applies to the experiments with
a background. However some future experiments are planned in order to have a “zero
background” (ZB), i.e. an expected number of background events which is less than about
one in all the life of the experiment. In this case, the sensitivity can be defined as the highest
value of the half-life which is excluded at 1σ if no signal event is measured. Hence, ∆NB
is replaced by the average number of signal events which can be excluded if no event is
measured, which is of the order of one, leading to
SZB0ν = T
0ν
1/2(Nββ0ν = 1) = ln 2
xηNAǫ
wmol
MdetTobs. (7.4)
It is clear that this situation is advantageous for experiments which can be constructed with
large detector masses and which can take data for long times, since SZB0ν is proportional to
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Mdet and Tobs. On the other hand, the sensitivity of these experiments cannot be improved
by improving the energy resolution (which reduces the energy window ∆E) and reducing
the background (which is already “zero”) as the experiments with background for which
Eq. (7.3) applies.
Hence, the planning strategy of new ββ0ν experiments (see the reviews in Refs. 34, 40,
44, 45) is quite different in the case of experiments with background, which can reach high
sensitivities by combining a large detector mass, a long detection time, a low background
and a high energy resolution, but the improvement increases only as the square root, and
the experiments with zero background, which can reach high sensitivities only with a high
detector mass and a long detection time, but with a faster linear improvement (see the
discussion in Ref. 247). When it is possible to reach a zero-background level, this approach
is convenient for detectors made of substances which are not too expensive.
8 Conclusions
Neutrinoless double-β decay is the most promising process which could allow near-future
experiments to reveal the Majorana nature of massive neutrinos which is expected from the
physics beyond the Standard Model (see Section 3).
The analysis of the data of neutrino oscillation experiments have determined with accura-
cies between about 3% and 11% (see Tab. 1) the values of the neutrino oscillation parameters
in the framework of three-neutrino mixing: the two solar and atmospheric mass differences,
∆m2S and ∆m
2
A, and the three mixing angles ϑ12, ϑ23, ϑ13. The experiments on the study of
neutrino oscillations enter now a new stage of high-precision measurement of the neutrino
oscillation parameters, of determination of the neutrino mass ordering (normal or inverted),
and of measurement of the CP-violating phase δ, which is the last unknown parameter of the
three-neutrino mixing matrix in the case of Dirac neutrinos. If massive neutrinos are Majo-
rana particles, there are two additional “Majorana phases” that are observable in processes
which violate the total lepton number, as neutrinoless double-β decay. In fact, the effective
Majorana neutrino mass mββ in ββ0ν decay depends on the Majorana phases, which can
cause cancellations among the contributions of the three neutrino masses (see Section 6).
Hence, even assuming a value for the absolute scale of neutrino masses, there are large un-
certainties on the possible value of mββ, which depend on the normal or inverted character
of the neutrino mass spectrum (see Figs. 7, 9 and 8).
Up to now no ββ0ν decay has been observed, with the exception of the controversial claim
in Ref. 31 of observation of ββ0ν decay of
76
32Ge, which is currently strongly disfavored by the
direct lower limit on T 0ν1/2(
76
32Ge) of the GERDA experiment [32] and indirectly by the lower
limits on T 0ν1/2(
136
54Xe) of the EXO [239] and KamLAND-Zen [241] experiments (see Fig. 14).
The current experimental upper bound on mββ is between about 0.2 and 0.6 eV (see
Tab. 5 and Fig. 13), depending on the uncertainties in the theoretical calculations of the
nuclear matrix elements which determine the rates of nuclear ββ0ν decays (see Section 4).
The problem of the calculation of the nuclear matrix elements (see Section 5) is open
and so far unresolved. There are several methods of calculation whose results differ by a
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factor between about two and four for different nuclei (see Tab. 3). It is clear that this
situation is deeply unsatisfactory and it requires an effort of clarification of the nuclear
physics community. A promising improvement could come from tests of the nuclear matrix
elements with heavy-ion double charge-exchange reactions (NUMEN project [248]) which
have a nuclear transition operator with the same spin-isospin mathematical structure of that
of ββ0ν decay and proceed through the same excited levels of the intermediate nucleus. It is
interesting that also the quenching of gA is expected to be similar, because both processes
happen in the same nuclear medium. Information on the NMEs can be obtained also in
charged-current neutrino-nucleus interactions [249].
The next generation of ββ0ν decay experiments is aimed at the exploration of values
of mββ below 0.1 eV, with the purpose of reaching the inverted hierarchy interval between
about 0.02 and 0.05 eV. This is a very important goal, which will allow either to discover
ββ0ν decay or to exclude the inverted hierarchy.
In the first case, we will know that massive neutrinos are Majorana particles and that
there must be physics beyond the Standard Model which explains the small Majorana masses
(see Section 3). However, it is not possible to know from the measurement of ββ0ν decay
alone if the scheme of neutrino masses is inverted or normal and it may be difficult to do it
also with independent measurements of the sum of the neutrino masses (see Fig. 9) and of
the effective electron neutrino mass in β decay (see Fig. 8).
On the other hand, in the second case the lack of observation of ββ0ν decay with mββ &
0.2 eV will exclude the inverted hierarchy, leaving only the normal hierarchy as a viable
possibility. In this case, the Majorana nature of massive neutrinos will be still uncertain and
it may be possible that the cancellations among the massive neutrino contributions make
mββ so small that it will be very difficult to measure it in a foreseeable future.
Let us however remark that the implications of these two possibilities for the scheme of
the masses of the three light neutrinos would be radically changed if future experiments will
confirm the current indications in favor of the existence of a sterile neutrino at the eV scale
(see Refs. 42, 211, 214–222).
Let us finally note that although in this review we considered only the neutrinoless
double-β− decay process in Eq. (1.1), if the total lepton number L is violated some nuclei
can undergo the neutrinoless double-β+ decay process
ββ+0ν :
A
ZX→ AZ−2X+ 2e+, (8.1)
which has the same expression (4.41) for the decay rate and can be used to measure the
effective Majorana mass |mββ |. However there are only six nuclei with low natural iso-
topic abundances which can undergo ββ+2ν (
A
ZX → AZ−2X + 2e+ + 2νe) and ββ+0ν decays
and the corresponding decay rates are suppressed by small phase space and unfavorable
Fermi function (see Ref. 250). If the total lepton number L is violated, also the follow-
ing neutrinoless positron-emitting electron capture and neutrinoless double electron capture
processes [251, 252] obtained by crossing symmetry from Eq. (8.1) are possible:
ECβ0ν : e
− + AZX→ AZ−2X+ e+, (8.2)
ECEC0ν : e
− + e− + AZX→ AZ−2X. (8.3)
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It has been shown in Ref. 253 that the ECEC0ν process (8.3) can occur through the capture
of two atomic electrons in a resonance transition of the initial atom into an excited nuclear
and/or atomic state of the final atom. A resonant ECEC0ν transition takes place if the
masses of the initial and final atoms are equal (for recent discussions of this process see
Refs. 250, 254–256). Experimental searches found lower bounds for the resonant ECEC0ν
half-life of several atoms (7434Se [257],
96
44Ru [258],
106
48Cd [259],
112
50Sn [260–265],
136
58Ce [266]; see
also the review in Ref. 267).
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